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Executive Summary

The Primedica 2001 Study Report (Hormone, Thyroid and Neurohistological Effects of Oral
(Drinking Water) Exposure to Ammonium Perchlorate in Pregnant and Lactating Rats and in
Fetuses and Nursing Pups Exposed to Ammonium Perchlorate During Gestation or via Materna
Milk, dated March, 2001) presents the results of a study to determine whether various doses of
perchlorate could cause adverse effects in the offspring of rats exposed prior to cohabitation and
during gestation and lactation. The study reported statistically significant changes in some brain
morphometry parameters that occurred at low doses of perchlorate. However, these effects did
not show a clear dose-response relationship, were not similar in males and females, and were not

consistent with the earlier neurodevelopmental study. To aid in the interpretation of this study,

the Perchlorate Study Group (PSG) obtained expert review of the neurodevelopmental ‘
component of the study. The purpose of this expert review was to obtain advice from recognized
experts about the quality and reliability of the experimental methodology and the resulting data
for use in determining adverse effects.

]
i

We invited five distinguished scientists with expertise in anatomical, endocrinological, and
behavioral neurodevelopment to prepare written reviews. Scientists were selected on the basis of
their academic and publishing record in topics related to one or more aspects of the work
described in the Primedica 2001 Study. The experts are:

e Dr. Victor H. Denenberg (Professor Emeritus, Department of Behavioral Sciences
and Psychology, University of Connecticut), a neurodevelopmental psychologist
known for his investigations in the field of anatomical and behavioral development of
the corpus callosum;

o Dr. Janice M. Juraska (Professor, Division of Neural and Behavioral Biology,
University of Illinois), a neurodevelopmental psychologist with expertise in
neuroanatomical analyses of brain structures as well as behavioral testing;

¢ Dr. Pat Levitt (Chair and Professor, Department of Neurobiology, University of
Pittsburgh School of Medicine), a neuroanatomist with expertise in developmental
neuroanatomy and morphology;

e Dr. Harold L. Schwartz (Clinical Professor of Medicine, University of California at
Irvine), a thyroidologist with expertise in developmental hypothyroidism in
laboratory animals; and

* Dr. Douglas L. Wahlsten (Professor, Department of Psychology, University of
Alberta), an expert in neurodevelopmental behavior and anatomy, design of
neurodevelopmental studies, and statistical analyses of such studies.'

To help focus their review on factors relevant to use of study results for risk assessment, the
experts were provided some background information on the perchlorate project and a charge that
included specific questions on the design of the Primedica 2001 Study, the biological
significance and plausibility of the results, the relationship of the results to behavioral/ functional
effects in adult animals, and generalization of neurodevelopmental data from rats to humans.
Each expert worked independently and prepared a separate review. This background document

' Dr. Wahlsten submitted his report under his consulting company, MusWare Technology Inc.
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and charge is found in Appendix A. The Curricula Vitae for each of the expert reviewers are
found in Appendix B. The full reports from each reviewer were submitted to U.S. EPA on May
1, 2001 and are considered to be Appendix C of this report.

The experts raised significant questions and concerns about the sensitivity and specificity of the
techniques used to assess neurobehavioral endpoints, the appropriateness of the time periods at
which brain tissue was harvested, and other methodological concerns. The following points
summarize the responses of the experts in relation to the methodology, the experimental results,
and the reliability of extrapolating animal data to humans.

Adequacy of the Methodology

In general, the experts concluded that the overall experimental design (e.g., treatment of animals,
selection of groups) was adequate. However, the experts questioned the reliability and adequacy
of the methods used in this study to assess neurodevelopmental endpoints from perchlorate
exposure. Specific conclusions regarding the methodology are:

e No single sectioning plane is optimum for evaluating all brain structures. For
evaluating the corpus callosum and cerebellum, sagittal sections are preferred. For these
structures, use of coronal sections may result in inadequate sampling of the structure and
introduce between animal variance due to minor differences in the plane of sectioning.
However, coronal sections are appropriate for evaluating the cortex and striatum, and
horizontal sections are preferred for evaluating the hippocampus.

e Taking multiple width measures or measuring the area or volume of structures is
preferred to the use of single width measures. Single width measures of brain
structures are highly sensitive to precisely where along the brain’s anterior-posterior axis
the sections were taken but insensitive to changes in cellular parameters (e.g.,
myelination or cell number).

e Taking measures from the right and left sides of the corpus callosum could have
introduced additional variance. The corpus callosum is a symmetrical structure;
measurements should have been taken at the midline. Since “right” and “left”
measurements were reported, these values should be averaged prior to statistical analyses.

e Pathologists were not blind to the gender and treatment status of all animals. To
eliminate potential bias, pathologists analyzing brain sections should have been blind to
the animal’s gender and dose level but were only blind to the status of the control and
highest dose groups.

* Post-puberty animals should be evaluated. At least one post-puberty group should
have been evaluated to determine whether changes seen during the neonatal period are
temporary or lead to permanent alterations of brain structures. The ages evaluated in this
study (postnatal days 10 and 22) are at a time when the neonatal rat brain is undergoing
normal neurodevelopmental remodeling.

¢ Fixation and sectioning methods introduced between-group variance. Differences in
time between fixation and sectioning for each treatment group and lack of correction for
shrinkage in final results added to between-group variance. Asymmetries in coronal
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sections are apparent in thumbnail photos of brain sections, particularly for postnatal day
10 pups.

Statistical methodologies are inadequate. The statistical methods used in this study are
inadequate to assess the biological significance of potential treatment related effects on
any of the morphometric measures.

The effects of hypothyroidism on the brain are more complicated than can be
detected by measuring the size of brain regions. Other well-defined endpoints are
generally used to evaluate thyroid hormone effects on the brain including target gene
mRNA, myelin content, enzyme activity, cellular composition of the corpus callosum,
and number of synapses in the hippocampus or cerebellum. For most brain regions
evaluated in this study, the literature provides no foundation to suggest that the size of
these structures is affected by hypothyroidism.

A positive control was not included. A positive control (i.e., treating a group of
subjects with a substance known to induce hypothyroidism) should be included in this
study to assess whether reported effects result from hypothyroidism or by some other
mode of action.

Appropriateness of the Results

The experts suggested that no conclusions can be drawn from neurodevelopmental data reported
in the Primedica 2001 Study because of the methodological issues discussed above. Because the
methods used and ages of pups evaluated in the Primedica 2001 study are non-standard, data
from the study cannot be compared with data from control animals in the scientific literature.
Specific conclusions are:

Hypothyroidism was not induced. None of the doses of perchlorate appeared to cause
hypothyroidism, as suggested by the absence of neurodevelopmental effects reported in
the literature to be associated with hypothyroidism. For example, a decrease in the
migration of cells from the external granular layer of the cerebellum, a characteristic
neurodevelopmental effect of hypothyroidism, was not seen in the cerebellum of
postnatal day 10 or postnatal day 22 rats.

A clear dose-response relationship is not apparent. No clear dose-response
relationship is apparent for any of the study’s neurodevelopmental endpoints. For
example, there is a lack of consistency between doses that produce the most significant
effects on thyroid parameters and doses that produce the most significant changes in
linear dimensions of brain structures.

No relationship has been established between changes in brain morphometry and
behavioral/functional effects. Studies of brain morphometry in animals and humans
have not established a direct cause-and-effect relationship between changes in brain
structure dimensions and behavioral/functional effects in adults.
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Significance of Findings in Rats to Expected Qutcomes in Humans

Overall, the peer reviewers conclude that effects observed in rats in appropriately conducted
experiments might be observed in humans. Specific conclusions are:

e Rats are an appropriate model for human neurodevelopment. If properly measured
effects are seen on neurodevelopmental endpoints in rats, then effects might be expected
in humans.

o Species differences can affect extrapolation to humans. Confounding factors,
including species differences in the phases and rate of brain growth and differences in
maternal care, could affect extrapolation of results to humans.
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Introduction

The Primedica 2001 Study Report (Hormone, Thyroid and Neurohistological Effects of Oral
(Drinking Water) Exposure to Ammonium Perchlorate in Pregnant and Lactating Rats and in
Fetuses and Nursing Pups Exposed to Ammonium Perchlorate During Gestation or via Maternal
Milk, dated March, 2001) was submitted for review by five experts in the field of
neurodevelopment.

The goal’of the Primedica Study was to evaluate the effects of perchlorate on the thyroid in dams
and fetuses at multiple time points in order to generate data for a pharmacokinetic model and to
establish a NOAEL for thyroid effects in neonatal pups. In addition, another goal was to repeat
aspects of the Argus 1998 neurodevelopmental study to evaluate possible adverse effects of
perchlorate in dams on brain development in pups. Thyroid histopathology and thyroid hormone
levels (TSH, T3 and T4) were measured in dams on gestation day 21 and postnatal days (PND)
10 and 22, and in pups on the same days plus PND 5. Morphometric measurements of certain
brain regions were made in pups on PND 10 and 22. In general, increasing doses of perchlorate
increased the serum levels of thyroid stimulating hormone (TSH) and decreased levels of the
thyroid hormones T, and T3 in dams and pups. Thyroid hyperplasia was observed in dams at
higher doses; no effects on thyroid histopathology were observed in pups. Some effects on brain
morphometry in pups were also reported.

The Primedica Study Report concluded that linear measures of a variety of forebrain structures,
taken in the coronal plane, demonstrate statistically significant changes in size at various
exposure levels. Gender analysis revealed a trend towards increases in males and decreases in
females. While this analysis revealed statistically significant changes at some levels of exposure,
no clear dose-response effect with perchlorate exposure was seen, raising questions about the
biological significance of the morphometry findings. Therefore, the PSG assembled a group of
experts to review the report, focusing on data regarding neurodevelopmental endpoints. In the
following sections, the experts are introduced, their reviews are summarized, and each expert’s
review is presented in its entirety.

Conduct of the Expert Review

In order to provide additional insight into how these results could be most appropriately
interpreted and used, the Perchlorate Study Group (PSG), assembled a group of experts to review
the Primedica 2001 Study report. The experts were asked to focus their review only on the
neurodevelopmental component of the study and the aspects of the thyroid effects as they pertain
to neurodevelopment. The experts were not asked to provide a complete review of the entire
study, nor were they necessarily informed of the multiple goals considered when designing the
study.
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The experts were provided with a background document describing the history of the perchlorate
project and a charge to reviewers that listed several specific questions for the reviewers to
consider. The review materials provided to the reviewers included the draft final report of the
Primedica 2001 study (minus the individual animal tables), thumbnail photographs of the brain
sections from the PND 10 and 22 pups, plots of the dose-response curves for the morphometric
measurements, key portions of the Argus 1998 neurodevelopmental study, and a summary of the
Bekkadahl 2000 motor activity study. The background document, charge to reviewers, and
complete list of review materials is presented in Appendix A. The reviewers were asked to
spend approximately 20 hours reviewing the documents, assessing the methodology and
outcomes of the Primedica 2001 Study, and preparing a written report. Given the limited time
for their review, experts addressed what they considered to be the most important aspects of the
Primedica 2001 Study.

Individually, each scientist was selected because he or she has expertise in one or more scientific
specialties relevant to this experiment, and publishes extensively in these areas. As a group,
these scientists have expertise in all the neurodevelopmental endpoints addressed in the
Primedica 2001 Study. The scientists were asked to confine their reviews to those aspects of the
report that pertain to their own expertise; Curricula Vita are provided in Appendix B. The expert
reviewers were:

e Dr. Victor H. Denenberg is a neurodevelopmental psychologist known for his
investigations in the field of anatomical and behavioral development of the corpus
callosum; his review focused primarily upon measures of the corpus callosum.

e Dr. Janice M. Juraska is a neurodevelopmental psychologist with expertise in
neuroanatomical analyses of brain structures as well as behavioral testing.

e Dr. Pat Levitt is a neuroanatomist whose research encompasses the fields of
developmental neuroanatomy and morphology.

e Dr. Harold L. Schwartz is a thyroidologist with expertise in developmental
hypothyroidism in laboratory animals.

e Dr. Douglas L. Wahlsten is an expert in neurodevelopmental behavior and anatomy, the
design of neurodevelopmental studies, and statistical analyses of such studies.

The reviewers’ overall conclusions are summarized below. Subsequent sections compile and
summarize the reviewers’ responses to the specific questions presented to them in the guidelines
for review. The complete final review report from each reviewer was submitted to U.S. EPA on
May 1, 2001, and these final reviews are considered to be Appendix C of this report.

Overall Conclusions Regarding the Primedica 2001 Study

The overall goal of the Primedica 2001 Study was to determine if perchlorate, at the
administered doses, causes adverse effects in the offspring of rats exposed prior to cohabitation
and during gestation and lactation. As the report relates to neurodevelopmental endpoints, each
expert offered overall conclusions regarding the experimental methodology, the resulting data,
and the extrapolation of the data from animals to humans. All five reviewers concluded that
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issues related to the design of the neurodevelopmental component of the study prevented
drawing any conclusions about the effects of perchlorate on neurodevelopment.

There is insufficient sampling of the CC [corpus callosum] to draw any
meaningful conclusions about the effects upon the offspring of exposing pregnant
rats to perchlorate in the drinking water. (Denenberg, p. 4). ... it is not possible to
make any meaningful interpretation of the empirical findings (Denenberg, p. 2).

While these comparisons revealed statistically significant changes at some levels
of exposure, there is no clear dose-response effect with perchlorate exposure,
making it very difficult to determine whether the data are biologically significant.
The statistical tests used may not be adequate to resolve whether the relationships
are biologically significant, and it is strongly recommended that a statistician
whose expertise extends to such biological systems is consulted (Levitt, p. 2).
Overall, the morphometric data do reflect consistent effects of perchlorate on the
structural development of select structures in the forebrain... but ...it is more
likely that the induced morphometric changes by perchlorate are due either to
normal variation in the measure used in the Primedica study, or to complex
effects on molecular characteristics that were not measured in this study (Levitt,

p. 3).

Morphometry based on thickness measures in coronal sections is acceptable for
Jjudging thickness of the cerebral cortex, but not for evaluating changes in the size
of the corpus callosum, cerebellum, or hippocampus. By far the weakest part of
the study was the statistical analysis of the data...Lacking such an analysis, 1
cannot form an opinion on the central issue of whether perchlorate significantly
altered brain morphology or what is the minimal effective dose. (Wahlsten, p.
17).

Given what appear to be major weaknesses in the neurohistological data,
including lack of dose response, sex dependent differences and lack of
reproducibility, it is not possible to conclude there is any effect of perchlorate at
these doses on brain development. (Schwartz, p. 7).

It is clear from Primedica 2001 that the effects of perchlorate do not dramatically
alter development. However, the results of Primedica 2001 are inconclusive with
regard to more subtle effects that are needed for the calculation of a Reference
Dose of perchlorate (Juraska, p. 1).

Reviewer Responses to Specific Questions

The charge to reviewers included a list of questions to help focus the experts’ reviews. The
following sections summarize the reviewers’ responses to the questions in five general areas:
study design, morphometric methods, experimental results, relationship of results to behavioral
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effects, extrapolation from rats to humans. As stated earlier, since each scientist has expertise in
a slightly different specialty of neurodevelopment, not all scientists answered each question.

1. Comments Regarding Study Design

The reviewers were asked to comment on various aspects of the experimental design. Most
reviewers provided positive comments about the general study design (e.g., breeding of females,
administration of doses, selection of pups for harvesting tissue). However, all of the reviewers
indicate serious concerns about the methods used to assess neurodevelopmental endpoints.
Major areas of concern included that even the highest dose of perchlorate was insufficient to
produce hypothyroidism, the method used to fix brain tissue, the lack of blinding regarding
treatment groups during histological analyses, the method of evaluating morphometric data, and
the age of offspring when tissues were harvested. Specific comments about the experimental
design are summarized below.

1.1 General Experimental Design
Several reviewers comment that the general design of the experiment, with regard to establishing
treatment groups and handling animals, is appropriate.

The descriptions of the protocols followed in breeding females, selecting which
Jemales to use, selecting pups, etc., all appear quite sound. The Ns of 13-16 per
group is certainly within acceptable limits .... The use of one male and one female
per litter is excellent (Denenberg, p. 11).

The animal husbandry and methods of administering the substances were
conventional and appeared to be adequate” (Wahlsten, p. 1). In my opinion, the
design and execution of the Primedica study up to the point where brain histology
was done were adequate and in some ways superior, especially with regard to the
long term administration of the perchlorate (Wahlsten, p. 16).

1.2 Perchlorate and Hypothyroidism
Dr. Schwartz, the only thyroidologist among the reviewers, comments that the doses of
perchlorate did not cause hypothyroidism in the pregnant rats or their offspring.

Were these animals, in fact, hypothyroid? I believe the answer is clearly, NO. It
is well known that hypothyroidism leads to a reduction in the growth rate of both
dams, fetuses and pups, measured as change in body weight .... There was no
difference in these parameters among any of the treatment groups at any time
point. Added evidence against hypothyroidism in the dams is the lack of an effect
on food intake. Hypothyroid adult rats generally reduce their food intake 20% or
more ... Further, litter size is consistently reduced by as much as 50% in
hypothyroid dams ... It was also noted in the earlier study (Argus) thal, at the
doses used, behavioral development was unaffected. As far back as the studies of
Eayrs and colleagues...it was noted that in hypothyroid pups there was
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retardation of learning and of development of behaviors such as the righting
reflex and the startle response (Schwartz, p. 4-5).

In my laboratory and in the literature generally... the concentration of potassium
perchlorate used to induce hypothyroidism in laboratory animals is 1-2% (10 to
20mg/ml) in the drinking water. In a rat weighing 250gm drinking about 30ml per
day this is a dose of 1.2 to 2.4gm/kg/day as much as 80-fold the maximum 30
mg/kg/day dose used in the current study. It is not clear on what basis the doses of
perchlorate used in this study were chosen (Schwartz, p. 5).

1.3 Fixation and Embedding of Tissue

Three experts comment on the methods used for fixation of brain tissue.> One reviewer
comments that the method was adequate, another inadequate, and the third states that because the
method used causes shrinkage, correction for shrinkage of brain tissues measures should be
done.

Dr. Levitt comments that fixation method was adequate:
The methods for tissue processing were well-controlled and resulted in the
maximal homology of brain section quality.... Immersion fixation used here does
not provide the optimal cellular preservation, but introduced minimum variation
in fixation quality (Levitt, p.8).

Conversely, Dr. Juraska comments that the fixation method was inadequate:
There are technical inadequacies to the present study...” that include “...fixation
of the brains. The groups were not sectioned at the same time .... This could
affect the size of various components of the brains .... Time between fixation and
sectioning must be held constant between the groups (Juraska, p. 1).

Finally, Dr. Wahlsten comments that the fixation method is adequate, he states that paraffin

embedding can cause shrinkage of the tissue that should be adjusted for in final reported values.
Brain tissue ... was fixed by immersion in 10% neutral buffered formalin, a-
method that is inferior to intracardiac perfusion but is nevertheless adequate and
is much quicker .... Paraffin embedding ... usually shrinks the tissue by a very
large amount, reducing linear measures by almost 40% of their true values in
some tissue ... This .. is not a major cause for concern, provided the
investigators take care to determine the degree of shrinkage and then correct
their measures to restore them to valid figures. In the Primedica study, however,
thickness measures were not corrected for shrinkage ... Consequently,

% Brains were fixed by immersion in 10% neutral buffered formalin. PND 10 and 22 brains were then shipped to
Consultants in Veterinary Pathology (CVP) and Experimental Pathology Laboratories, Inc. (EPL), respectively,
where the brains were sectioned and embedded in paraffin. Groups I and V were sectioned initially, and then the
blocks from the other groups were sectioned in a stepwise fashion. CVP performed the morphometric
measurements on both the PND 10 and PND 22 slides (Primedica, 2001).
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comparisons with measures in the published literature may not be valid
(Wahlsten, p. 3).

1.4 Blinding
The Primedica 2001 Study reports that morphometric measurements were performed blind (i.e.,

the pathologist did not know the sex or treatment group of the animal) for slides from Group I
(control) and Group V (30 mg/kg-d dose) offspring only. Measurements in the remaining
treatment groups were not evaluated blind (CVP, 2001b, p. 4). Both Drs. Juraska and Wahlsten
comment that lack of blinding is unacceptable:

This is not acceptable. The bias of the experimenter, often unintentional, cannot
be allowed (Juraska, p. 1).

The person making morphometric measures of brain tissue should always be
blind with respect to treatment, sex and even age of the animals being assessed. It
is not clear that an acceptable level of blind assessment was achieved in the
Primedica study .... This is a very peculiar procedure and is clearly inadequate
(Wabhlsten, p. 2).

1.5 Handling of Pups
Dr. Levitt comments that the handling of pups’ could have affected morphometric parameters,

with possibly different effects in males and females:

Postnatal handling of pups and lactating dams adds a confound that could affect
brain development and maternal care .... Limited handling (as little as 15 minutes
of separation of pups from dam during the first postnatal week of life) is sufficient
to alter gene expression ... and response to stress. Maternal care (licking) is
altered significantly by the handling as well .... A new study should eliminate
handling effects by using parallel litters that are not assessed behaviorally or
morphologically, but used instead to monitor weight” (Levitt, p. 5). It is possible
that the handling ... had different effects on males and females .... There is
evidence that such early postnatal handling can alter stress hormone
responsiveness in females, but not males (Levitt, p. 12).

2. Comments on Appropriateness of Morphometric Methods

The reviewers were asked to comment on the morphometric methods used*to evaluate adverse
effects on brain development offspring.

’ Pup body weights were measured daily (Primedica, 2001).

! Twenty-one to 25 morphometric measurements were taken from each brain. Two measurements (anterior to
posterior length of the cerebrum and anterior to posterior length of the cerebellum) were taken from the intact brains
prior to trimming and processing. The other measurements were taken from coronal sections, embedded in paraffin.
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2.1 Appropriateness of Using Single Linear Measurements of Brain Tissue

Most reviewers suggested that taking multiple width measures or measuring the area or volume
of brain structures is preferred to the use of single width measures. Single width measures of
brain structures are highly sensitive to precisely where along the brain’s anterior-posterior axis
the sections were taken but insensitive to changes in cellular parameters (e.g., myelination or cell
number) ‘

No one uses a single width score as a meaningful measure (Denenberg, p. 3). If
coronal sections are used, ... if is necessary to obtain multiple coronal slices
along the anterior-posterior axis to ensure adequate sampling throughout the CC
(Denenberg, p. 11).

The area of the corpus callosum should be taken, not thickness. Area is more
likely to be proportional to the cellular measures that are ultimately of interest -
axon number and myelination. A structure might not vary in thickness but can
still vary in area. (Juraska, p. 2).

. this reviewer recommends against using linear measures to look for crude
changes in the size of specific structures as a sensitive measure for documenting
effects of thyroid hormones or TSH. Instead, the study design should have
included sufficient power to allow for other quantitative methods of cell-based
assays (Levitt, p. 7; emphasis in original).

... thickness measures are sensitive to functionally irrelevant and minor changes
in the shape of a structure as well as more important alterations in its overall size
.... Measures of area of a structure in a slice are superior, and volume compiled
Jrom successive slices is even better for some brain regions (Wahlsten, p. 3). The
[cross sectional area of a sagittal section of the corpus callosum] is expected to be
directly proportional to the number of axons connecting the cerebral hemispheres
and their degree of myelination .... Thickness, on the other hand, is strongly
dependent on precisely where along the anterior-posterior axis the coronal
section is made (Wahlsten, p. 4).

Dr. Wahlsten also outlines several other problems with measuring the thickness of other brain
structures in coronal sections. Regarding the external granular layer (EGL) of the cerebellum,
for example:
For the cerebellum, thickness of one coronal section is prone to error because of
- the angle of the slice and inherent variation in the EGL itself. A sagittal section,
on the other hand, lends itself readily to a measure of cross-sectional area of the
entire cerebellum and also allows useful measures of the thickness of different
zones of the cerebellar cortex...Thickness of the rat cerebral cortex, on the other

For most measures, measurements were taken on the right and left sides of the midline of a coronal section, and
right and left measurements are presented separately in the text of the report (Primedica, 2001).
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hand, is generally an acceptable index, provided thickness is measured at several
locations throughout the cortex ... (Wahlsten, p. 4). !

M1 CThaino nf Qantinning Dlana
dode N AAIVILVG UVl DJIVVRIVILIEL 1 1IN

The reviewers indicated that no single sectioning plane is optimum for evaluating all brain
structures. For evaluating the corpus callosum and cerebellum, sagittal sections are preferred.
For these structures, use of coronal sections may result in inadequate sampling of the structure
and introduce between animal variance due to minor differences in the plane of sectioning.
However, coronal sections are preferred for evaluating the cortex and striatum, and horizontal
sections are appropriate for evaluating the hippocampus.

Several methods have been proposed for obtaining CC [corpus callosum]
measurements.  All these procedures start with a sagittal section of the
callosum... (Denenberg, p. 3).

A mid-sagittal measurement would also be preferable to the coronal section ‘
(Juraska, p. 2).

This [use of coronal sections] is adequate for analysis of cortex and striatum. This
plane of section, however, introduces serious problems in matching anatomical
level for analysis of corpus callosum and hippocampus .... The former is best
evaluated in the sagittal plane, the latter in the horizontal plane .... Cerebellum is
best analyzed in the sagittal plane (Levitt, p. 9).

Sagittal sections are preferable when conducting morphometric studies of corpus
callosum... Dorsal hippocampus is best studied with the aid of coronal sections,
whereas ventral hippocampus requires the use of horizontal sections to visualize
the sizes of CAl, CA3 and anatomical layers... (Wahlsten, p. 7-8).

2.3 Issues Regarding the Bilateral Measurements of Brain Tissues
Drs. Denenberg and Juraska comment that the appropriate approach for measuring the corpus
callosum is to take measurements at the midline.

There is no ‘right’ or ‘left’ corpus callosum .... The proper measurement of the
CC is at the midline of the coronal section, using a minimum of 10 sections to
obtain a series of measures (Denenberg, p. 3; emphasis in original).

. the tightly packed axons and glia seen at the midline become diluted with
neurons and processes oriented in all directions once the pathway enters the
brain. Hence, a midline measurement of the structure is essential (Juraska, p. 2).

Given that separate right and left measures were collected for the corpus callosum in this study,
Drs. Denenberg and Wahlsten suggest that the right and left measures should be averaged:
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Even though the measurements are flawed in this study, it might be possible to
obtain some information, since the measures obtained would be expected to be
proportional to the correct data (Denenberg, p. 4).

Measuring both halves of a bilaterally symmetrical structure is an acceptable
practice, but these measures should be averaged for analysis, not analysed
separately .... Considering measures separately on the left and right inflates the
error variance and makes the ANOVA less sensitive to genuine treatment effects,
if they are present (Wahlsten, p. 4).

Both Drs. Levitt and Wahlsten note asymmetries in coronal sections, apparent in the thumbnail
photos. The reviewers suggest that asymmetries could cause measurements on the right and left
side of the midline to be different without any biological basis:

The use of the coronal [sic] plane only is likely to introduce inconsistencies due to
section asymmetry and the inherent difficulties in matching rostro-caudal levels
across brains between treatment groups. Side asymmetries...[are] the most likely
reason for the inexplicable side effects of some linear measure (Levitt, p. 5-6).

.. it was obvious from the thumbnail sketches of coronal sections that in many
brains, especially in the DL10 rats [day of lactation 10], the section was not cut
perpendicularly to the midline of the brain .... in many instances, especially in the
DL10 brains, the actual anterior-posterior levels of ostensibly the same sections
were quite different... and this would have given rise to substantial differences

between animals within a group in thickness of the corpus callosum, for example
(Wabhlsten, p. 5-6).

2.4 _Issues Regarding Shrinkage of Brain Tissue and Other Factors Introduced during
Processing

Several of the reviewers are concerned about variability introduced by differential shrinkage of
brain tissues during fixation and embedding.

Paraffin embedding ... usually shrinks the tissue by a very large amount, reducing
linear measures by almost 40% of their true values in some tissue .... Thickness
measures were not corrected for shrinkage of the tissue during histological
processing, and no indication of the degree of shrinkage was provided (Wahlsten,
p- 3).

The reviewers also suggest that operator error, asymmetric sectioning, and group differences

between time of sectioning all contribute to observed variance, but that variance appears to be
within acceptable limits.
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All morphometric analyses have inherent sources of variation, but the variation in
the means in the report of linear measures are within expectation for
experimental error .... Based on the appearance of the sections in the thumbnails
provided, it appears that the interbrain variation in shrinkage and sectioning
quality is low, thus reflecting very well-controlled processing methods. There is
variability across measures (+4-20%), and this is likely due to differential tissue
shrinkage, operator error in making morphometric linear measurements across
different brain samples, and inherent difficulties in matching anatomical location
because of asymmetric sectioning in the coronal plane. The variability is
generally <10%, which is routine for the experimental design used here (Levitt,
p. 7-8).

The groups were not sectioned at the same time .... This could affect the size of
various components of the brains .... Time between fixation and sectioning must
be held constant between the groups (Juraska, p. 1).

2.5 Limitations in Evaluating Rat Pups at PND 10 and 22

The reviewers were asked if the methods used and the time periods selected to assess the
developing brain of treated offspring were appropriate for to answer the questions raised during
the design of this experiment The reviewers agree that a limitation of this study is that a group of
offspring from at least one post-puberty age is needed to assess permanent effects to offspring of
perchlorate treatment.

Measures at two time points (Days 10 and 22) is not sufficient to determine a
developmental path .... It will be necessary to obtain brain measures at least at
one post-puberty age to get an estimate of a relatively stable adult brain
(Denenberg, p. 12).

... the appropriate end point for morphological analysis was not included in the
study (sexually mature rats), which is necessary to eliminate the possibility that
the measured changes are simply due to a modest developmental delay (Levitt, p.
3).

The DL22 rats examined in this study had not yet been weaned and were far from
being mature. Consequently, it is possible that treatment effects of perchlorate
altered the rate of development but had no influence on the eventual, mature size
of brain structures (Wahlsten, p. 2).

Several reviewers provide examples of structures that are undergoing significant changes at the
ages examined in this study, suggesting that taking measures at PND 10 and 22 might result in
considerable variability in results and a lack of understanding of perchlorate effects on some
stages of neurodevelopment.
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In he corpus callosum, *... myelination is not complete in the rat until at least 40
days of age. (Denenberg, p. 12).

. rapid changes in brains at DL10 and DL22 make the results sensitive to
changes in rate of growth as opposed to later asymptotic levels. Myelination of
the CC in particular is rudimentary at DL10 and far from complete at DL22,
although major anatomical changes brought about by elimination of axons are
past (Wahlsten, p. 8).

... we have found that axons continue to withdraw from the splenium of the corpus
callosum afier day 25 and myelination is just starting at day 25 .... Neuron death
(apoptosis) continues in the female visual cortex to at least day 25 ... and
hormonal manipulations after day 20 change the number of neurons in the adult
visual cortex... There is also dendritic growth and regression between days 30
and 60 in the visual cortex ... and days 43 to adulthood in the somatosensory
cortex .... Likewise, synapses increase 1.5 fold between days 21 and 41 in the
dentate gyrus of the hippocampus ... (Juraska, p. 2-3).

2.6 _Comparison With Values in the Literature

The reviewers were asked to comment on how the linear measurements of brain structures taken
from the control animals in this study compare with the same structures in literature.

Most of the reviewers wrote that they are not aware of any studies that present data similar to
those measured in the Primedica Study, either because the methods used in the Primedica study
are unconventional or because other studies have not examined rats at these ages.

Even when the CC values are corrected, I am not aware of any studies measuring
CC width at or around 10 and 22 days. 1 don’t know about the other brain
measures at these ages (Denenberg, p. 11).

Given the idiosyncratic methods employed in this study and the specific ages
examined, comparisons with the published literature are difficult. The rat brain is
changing rapidly during the DL10 to DL22 period, and it would be important to
compare brains no more than one or two days different in age .... Iwas surprised
to find no references to any published literature on the rat brain in the entire
report (Wahlisten, p. 7-8). There are some published data on thickness of the CC
at midline ... but I am not aware of studies in which measures were taken
bilaterally at the same distance from midline .... Ventral hippocampus requires
the use of horizontal sections to visualize the sizes of CAl, CA3, and anatomical
layers. Probably the best morphometric data in the literature involve horizontal
sections.... Direct comparisons of thicknesses in terms of microns (um) is
rendered difficult by the use of paraffin embedding that causes substantial tissue
shrinkage ... (Wahlsten, p. 7).

Linear measures provided are comparable to values in the literature (Bayer and
Altman, 1991 for comparative sectioned material at P10 rat) (Levitt, p. 9).
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3. Comments Regarding the Experimental Results
The reviewers comment on the experimental results reported in the Primedica 2001 Study. They

were asked if these results could be relied upon to determine adverse effects of perchlorate
exposure and whether the scientific literature supports these results.

3.1 Hypothyroidism and Neonatal Brain Tissues

Literature Support for a Relationship Between Hypothyroidism and Effects on Brain
Structures

The reviewers were asked if the results in the Primedica 2001 Study are consistent with effects
observed in the literature. The reviewers state that they are unaware of any studies of
hypothyroid animals that report findings similar to the Primedica 2001 study. In addition,
reviewers note that brain changes associated with hypothyroidism reported in the literature are
not seen in this study.

Literature searches failed to identify studies in which states of hypothyroidism
were induced during development and measurements were performed on the same
Jforebrain regions showing changes in the Primedica 2001 study (Levitt, p. 17)

Hypothyroidism results in developmental delays, reduction in size of cerebellum
due to altered cell proliferation and cell death and reduced myelination (see
Koibuchi and Chin, 2000 for review). None of these changes are consistently
seen in the Primedica study (Levitt, p. 17).

I know of no data in the literature going back 50 years related to the actions of
these hormones in brain that describes a difference in the biology of the thyroid
hormones between the sexes or of differences in response from one side of the
brain to the other (Schwartz, p. 6). ... there is no foundation in the literature
suggesting that the size of most of these areas is affected by hypothyroidism.
Further, none of the well-defined endpoints of thyroid hormone affect in brain,
target gene mRNAs, myelin content, enzyme activities, elc that have been so well
described over a fifty year period was included as control (Schwartz, p. 7).

The reviewers gave several examples of brain changes that would have been expected as a result
of hypothyroidism:

One of the most well described effects of hypothyroidism in the newborn pup is
the delayed development of the cerebellum. In the euthyroid rat pup, the external
granular layer disappears by PND24. In hypothyroid pups the width of the
external granular layer is greater than in euthyroid pups... Yet no difference in the
cerebellar external granular layer was seen in this study (Schwartz, p. 6).
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It is possible that a toxin might substantially delay myelination or the migration of
granule cells from the external granular layer (EGL) of the cerebellum .... EGL
thickness should be measured at an age that is midway between the age of its
peak size and the first age when it disappears altogether. Rats at DL22 would
likely be near the age when the EGL normally disappears and therefore would be
able to reveal only major, grossly abnormal retardation (Wahlsten, p. 2).

Dr. Wahlsten writes that the methodology used in the current study would not have been able to
detect changes in brain structures that have been reported in hypothyroid rats. He provides
several examples of changes in brain structures associated with hypothyroidism that were not
seen in this study.

Postnatal deficiency of thyroid hormone ... is known to increase the size of the

cerebellum and the number and complexity of its folia, fissures, and sulci in the

rat brain .... These phenomena are readily perceived in a sagittal section through \
the middle of the cerebellum but are almost impossible to measure in a coronal
section ... (Wahlsten, p. 4-5).

The number of myelinated axons is substantially reduced in the anterior
commissure and corpus callosum of hypothyroid rats .... A reduction of militated
axons will ... reduce the cross-sectional area of the corpus callosum ... whereas
large changes in the numbers of unmyelinated axons may have little impact on
corpus callosum area .... Recent evidence indicates that thyroid hormones are
involved in the maturation of oligodendroglia, cells that are responsible for the
Jormation of myelin in the central nervous system ... (Wahlsten, p. 5).

Consistency Between Effects on the Thyroid and Changes in Brain Structures

The reviewers were asked if the changes observed in linear dimensions of brain tissue are
consistent with the thyroid endocrine animal literature. The reviewers noted a lack of
consistency between the doses associated with the most significant effects on thyroid hormone
levels and doses associated with the most significant changes in brain structures. They also
noted that even though blood thyroid hormone levels were altered, the study results do not
provide evidence that a clear hypothyroid state was induced.

The most effective doses of perchlorate that induce thyroid hormone deficiencies
overlap with, but are not identical to those concentrations that resulted in
reproducible changes in ‘brain structure. The failure of the highest dose of
perchlorate to induce structural changes, in the context of reproducible
alterations in TH [thyroid hormone) levels, indicates that if the changes in brain
structures are biologically relevant, there must be other interacting elements
driving the changes (Levitt, p.18).

Clearly, these doses were sufficient to affect hormonal synthesis, although at best,
the changes in plasma hormone levels observed were modest ... ” (Schwartz, p. 4),
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then elaborates, “The data ... suggest that the intake of perchlorate was not
sufficient to induce a hypothyroid state even at the 30mg dose. Unfortunately, no
accepted tests of thyroid state were done 1o test this issue. Thus, it is concluded
that any changes observed in the brains of these animals are likely not the result
of reduced tissue T3 concentrations. It would have been of value to have
measured the tissue T3 concentrations (Schwartz, p. 7).

3.2 Consistency of Perchlorate Effects on Brain Development

The reviewers were asked if the data from the Primedica (2001) study and the Argus (1998)
neurobehavioral study demonstrate a consistent pattern of adverse effects on neurodevelopment
and behaviour of pre and postnatally exposure offspring. The majority of the reviewers did not
respond to this question. However, Dr. Schwartz observed that the conclusions of this study are
inconsistent with those from the previous Argus (1998) study:

The reduction in brain weight in the perchlorate groups seen in the earlier study
was not duplicated in the current round at any dose. Again, the increase in size at
PNDI12 in the cerebellum earlier seen at 3mg was not seen at any dose in this
study. In the earlier study, an increase in the size of the corpus callosum was seen
at 10 mg but not at the 3 mg dose at PNDI2 (Schwartz, p. 6).

3.3 Biological Significance of Changes in Linear Dimensions

The reviewers were asked to comment on whether the statistically significant changes in linear
dimensions observed in this study should be considered biologically significant, and, if not, what
degree and/or direction of change (i.e., 10% increase, 20% decrease, etc.) would be considered
biologically significant. While Dr. Denenberg suggested that it would be prudent to assume that
any significant change was biologically significant, in general the reviewers concluded that a
variety of methodological issues preclude using the data to draw any conclusions regarding
whether the findings are biologically significant.

. it is not possible to make any meaningful interpretation of the empirical
findings (Denenberg, p. 2) With respect to neuromorphology, the corpus
callosum data are largely useless except to suggest that this fiber bundle needs to
be examined carefully .... Are these biologically relevant? First, the experiment
and analyses must be designed and conducted correctly. Then I think one has to
assume relevance for any change in a brain region that is known to play a key
role in behavior (Denenberg, p. 10).

It is clear from Primedica 2001 that the effects of perchlorate do not dramatically
alter development. However, the results of Primedica 2001 are inconclusive with
regard to more subtle effects that are needed for the calculation of a Reference
Dose of perchlorate (Juraska, p. 1).

While these comparisons revealed statistically significant changes at some levels
of exposure, therc is no clear dose-response effect with perchlorate exposure,
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making it very difficult to determine whether the data are biologically significant

The statistical tests used may not be adequate to resolve whether the
relationships are biologically significant ... (Levitt, p. 2). Overall, the
morphomeltric data do reflect consistent effects of perchlorate on the structural
development of select structures in the forebrain™, but “It is more likely that the
induced morphometric changes by perchlorate are due either to normal variation
in the measure used in the Primedica study, or to complex effects on molecular
characteristics that were not measured in this study (Levitt, p. 3).

Given what appear to be major weaknesses in the neurohistological data,
including lack of dose response, sex dependent differences and lack of
reproducibility, it is not possible to conclude there is any effect of perchlorate at
these doses on brain development (Schwartz, p. 7).

Lacking such an analysis [sufficient statistical analyses), I cannot form an opinion
on the central issue of whether perchlorate significantly altered brain morphology
or what may be the minimal effective dose (Wahlsten, p. 16).

Most of the reviewers comment that determining the biological significance of any change in the
linear dimensions of a brain structure is difficult, even when statistically significant, and that
determining the biological significance of outcomes of the current study is particularly difficult
due to problems with the morphometric methods and statistical analyses. For example, Dr.
Juraska commented that even in well-conducted studies, size measurements can be inconclusive
and are difficult to interpret as an indicator of biologically significant effects:

The ultimate question is ... if structure is altered. Size is being used as a
substitute for cellular and biochemical measures .... Size measurements can be
inconclusive because more than one cellular effect is occurring. For example in
the corpus callosum, the number of axons may be increased (due to disruptions in
axon withdrawal) while myelination may be decreased. Thus there might be no
effect on size of the structure even though callosal function may be compromised.
Such complicated effects make interpretations of size measurements difficult
during development when several different cellular events are occurring
asynchronously (Juraska, p. 2).

Well-respected clinical studies do not use linear measures to discern biologically
significant alterations in brain development.. a major deficiency in the
Primedica study is the fact that there is not a linear relationship between change
in the size of brain.structures and the qualitative or quantitative extent of
Junctional deficits (Levitt, p. 13). One can hypothesize about the extent of size
change that would be needed to correlate with serious brain dysfunction ...
volume and areal changes in brain structures in the 10-20% range, which are
statistically significant, also can be biologically significant. As one example, the
brain weight of children with autism, at autopsy, is approximately 10% larger ....
Cerebellar size is increased to a similar extent .... In another example, the
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increase in ventricular size in schizophrenia is 8-12%, with a similar decrease in
hippocampal volume ... (Levitt, p. 13).

Dr. Schwartz commented that biological significance cannot be inferred due to a lack of dose-
response:

A lack of dose-response is evident throughout these studies both for any given
brain segment and among brain segments. Although, generally plasma hormones
were lowest in the 30mg dose group, most often this group showed no treatment
effects. Nor is there consistency of the effects among doses from one study to
another or, in the current study, from one brain segment to another” (Schwartz, p.
6).

Dr. Wahlsten provides substantial comments about the statistical analyses, stating that the
methods used were inadequate to establish a treatment effect:

This piecemeal approach does not allow a proper statistical evaluation of sex or
age differences in treatment effects (Wahlsten, p. 1). The analysis of data in this
report was not adequate to allow me to evaluate the consistency of perchlorate
effects on any measure. A fair number of significant deviations from the zero-dose
control were detected, particularly for male rats, so it would be imprudent to
dismiss the report as failing to demonstrate any effect on brain morphometry.
Examining the means ... suggests to me that perchlorate effects on morphometric
measures were not large, with the possible exception of cortex and maybe
hippocampus of DL22 males (Wahlsten, p. 10). The report cites numerous P
values but gives no indicators of effect size (Wahlsten, p. 12). How great a
change in thickness should be required to support a claim of harm or benefit to
the organism? This is a matter that should be agreed upon in advance by the
sponsors and consumers of the research, and it should play the crucial role in
deciding the sample size in order to confer sufficient power on the test (Wahlsten,

p.11).

3.4 _Gender Differences

The reviewers were asked if the developmental literature provide support for the apparent
differences between males and females in the direction of size changes reported in the Primedica
2001 Study. Several reviewers suggest that the mechanism of action of perchlorate may differ
between the sexes, and that sex hormones may be involved. However, other reviewers comment
that these apparent sex differences may be the result of methodological problems with how the
data were collected or with inadequacies in the statistical analyses.

The most obvious answer is that the sex hormones are involved and that
perchlorate is having different effects upon a testosterone background than upon
an estrogen background.  With respect to the corpus callosum, there are
interesting sex differences in the distribution of myelinated and unmyelinated
fibers .... An EM study will be necessary in a future study (Denenberg, p. 12-13).
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There is no known explanation [for the differences in males vs. females]. There is
however, a possible explanation that would require direct testing .... It is possible

that the differences in males and females measured here is a consequence of
differential gene regulation in males compared to females, perhaps due to an
additional regulatory element that has great activity in developing female brain.

Literature searches did not identify studies examining effects of TH on genes also
mediated by estrogen (Levitt, p.12).

Numerous studies in rats have found a sex difference in overall CC size and a
variety of steroid hormone effects on the CC (Wahlsten, p. 15).

Since these data are highly suspect, 1 do not think much can be said about
consistency until the study is re-done (and re-done correctly) (Denenberg, p. 10).

. a piecemeal approach to data analysis whereby separate tests of effects are
done for males and females is not an adequate basis for judging a sex difference
in response. ...I see no clear evidence that there was a decrease in thickness
measures with increasing dose for females .... Lacking compelling statistical
evidence, I can see no point in delving deeply into the physiology of the sexes
(Wahlsten, p. 10).

3.5 _Shape of Dose Response Curve

The reviewers were asked if the literature supports larger effects at intermediate doses compared
to higher doses of a hypothyroid inducing agent. In general, ihe reviewers agreed that a U-
shaped dose-response curve is possible in biological systems. The reviewers commented,
however, that the range of doses in this study was probably not sufficiently wide for a U-shaped
dose-response to be seen, and that improved statistical analyses should be conducted to test
whether a U-shaped dose response exists. As stated earlier, Dr. Schwartz believes that no dose
of perchlorate caused hypothyroidism in dams or offspring.

Most biological functions will be U-shaped (or inverted-U shaped) over a wide
enough range of an independent variable .... However, it is not certain that a
wide enough range of perchlorate doses has been built into the study to speak
confidently about U-shaped functions (Denenberg, p. 12).

Statistical analysis should be done on the original data in order to determine
whether this pattern is stochastic or a real biological phenomenon (Levitt, p. 10),
but ... intermediate doses of a particular agent may produce a more substantial
biological response than low or high doses (Levitt, p. 11).

An intermediate dose could certainly have the maximum effect when there is some
kind of biphasic dose-response relationship on certain measures, but it could also
be spurious. The proper test of a U-shaped dose-response curve is the quadratic
term in a regression equation, assessing whether addition of an X term
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significantly improves the fit of the equation to the data. No such test was
reported (Wabhlsten, p. 10).

4. Comments Regarding the Relationship with Behavioral/Functional Effects

. The reviewers were asked if alterations in brain structures during development or once offspring
are mature can be associated with abnormal behavioral/functional effects. Experts were also
asked if appropriate behavioral testing was conducted for structures suspected of being adversely
effected by a hypothyroid inducing agent. The reviewers’ comments in these areas are
summarized below.

4.1 Relationship Between Changes in Morphometric Measures and Behavioural Effects
The reviewers were asked if the statistically significant changes reported in the Primedica 2001
Study regarding the linear dimensions of offspring brain regions are likely to be associated with
behavioural/functional effects in adult animals. The reviewers agree that existing data do not
support a cause and effect relationship between changes in morphometric measures of brain
structures and behavioral/ functional effects, in either rats or humans.

Dr. Denenberg comments that the behaviors usually studied in the rat will not
likely be reflected in changes in morphometry of the corpus callosum:

For the corpus callosum, even when the proper measurements are made, it is
most unlikely that the behaviors usually studied in the rat will be affected by
callosal morphology .... Balogh et al. failed to find any relationship between the
behavioral measures and callosal status (Denenberg, p. 13). '

... It is important to emphasize that while there may be patterns to what was
assessed here, these measures are not amenable to direct cause-and-effect
evaluation with the neurobehavioral study (Levitt, p. 10; emphasis in original).
... no Studies with which this reviewer is familiar have determined a well-defined
correlation between the extent of changes in the linear dimensions of the size of
certain brain structures and functional effects in adult animals. It is possible, but
it is more likely that an underlying cellular change would be responsible for any
behavioral deficits .... Changes in linear measures are caused by alterations in
cell structure or organization ... any attempt to define a relationship between
putative behavioral changes and structure would need to include the assessment
of the specific cell populations and circuits responsible for mediating a particular
functiop (Levitt, p. 18-19).

In the literature of human neuropsychology, many claims have been staked on a
relation between brain size and intelligence or 1Q, but the data point to a very
small correlation with almost no explanatory impact ... (Wahlsten, p. 14).
Regarding the corpus callosum, ... it has been very difficult to demonstrate any
reliable behavioral correlate of modest changes in CC cross-sectional area ...
Humans lacking a CC from the beginning of cortex formation tend to be a bit
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clumsy and are on average about 10 points below average on IQ tests, but they
almost always suffer other neurological challenges...and there is no indication
that reduced cognitive functioning arises specifically from the lack of a CC .... My
conclusion ... is that one would not expect any major change in behavior to arise
Jrom a modest change in the thickness of the CC in one or two coronal sections. [
would not recommend dismissal of a thickness change as irrelevant, however. It is
possible that a change in thickness might serve as an indicator of a more
Sunctionally important change elsewhere in the nervous system (Wahlsten, p. 14-
15).

4.2 Appropriateness of Behavioral Endpoints

The reviewers were asked if behavioural testing of offspring cited in Argus (1998) and Bekkedal
(2001; Appendix C) were appropriate for the effects of hypothyroidism on the developing brain.
Dr. Levitt comments that he believes that the appropriate behavioral endpoints were evaluated
(Levitt, p. 19). Dr. Denenberg reviewed the earlier Argus 1998 study and concluded that the
range of behavioral endpoints tested was narrow:

The only behavioral data are from the Argus 1998 study. No effects were found
Jor passive learning, an ‘M-test’ for water maze learning, or acoustic startle.
Greater motor activity was obtained in an open-field type of test.” However, this
effect apparently has not been replicated in the Primedica 2001 Study, though
additional statistical analyses are yet to be done (Denenberg, p. 10). With the
exception of the ‘M-maze,’ the other tasks are familiar ones in a behavioral
laboratory. However... the sampling of possible behaviors represented by these
tests is very narrow. For example, no measures were obtained of spatial learning

. non-spatial associative learning (e.g., discrimination learning), fear-based
active learning (one-way or two-way shuttlebox), Paviovian learning,
novelty/exploratory behavior, or spatial and non-spatial working memory, to
name a few important behavioral processes (Denenberg, p. 10).

5. Comments Regarding Significance of Findings in Rats to Expected Outcomes in
Humans

The reviewers were asked if developmental effects observed in the offspring of maternally
treated rats would be expected to be observed in humans; in other words, would they consider
the rat to be an appropriate model to predict human effects. Most of the reviewers comment that
if effects are seen in a properly conducted study in rats, then effects might be suspected in
humans.

* The experts were not given statistical reanalyses of these data. When appropriate statistical reanalyses were
conducted on these data, statistical significance was not evident for any treatment group (Goodman, 1999).
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If the corpus callosum, when properly measured, yields significant effects for the
perchlorate treatment, this is likely to be found in humans as well (Denenberg, p.
14).

While there are many well-conserved events of brain development that are
regulated by the same genes and proteins across species, the effects of perturbing
the milieu in which the brain develops may or may not result in the same changes
across species. It is possible that the brain effects of perchlorate in rats could
occur in humans as well. It also is possible that it may not have any effect on
brain size ... (Levitt, p. 19).

If researchers find that a compound has consistent effects across a wide range of
mammalian species, then [ think we can be confident that results will generalize
to humans, but I would not care to generalize on the basis of data from any one
species. If toxic effects are observed in rats, this would certainly provide grounds
for worrying about possible harm to humans (Wahlsten, p. 15).

However, Drs. Levitt and Wahlsten also suggested some confounding factors that might affect
extrapolation between species.

A ... confound in using the rat as a model of human neurodevelopment are the
inherent differences in maternal care that are known to affect brain development
... and the possible differences in perchlorate metabolism that may exist between
rodents and humans (Levitt, p. 20).

Species differences in development may be important when we want to match
phases of brain growth .... Humans require many years to progress from weaning
to sexual maturity, whereas rats can breed only a few weeks after weaning. The
DLI10 rats in the Primedica study had just begun to benefit from myelination of
the corpus callosum, a stage that occurs prior to birth in humans. The DL22 rats
were only a few days from weaning, something that commonly occurs one year
after birth in humans but can be delayed for several years for social reasons
(Wahlsten, p. 16).

Expert Review of Primedica 2001 20 May 18, 2001




21

References

Argus, 1998. 4 Neurobehavioral Developmental Study of Ammonium Perchlorate Administered
Orally in Drinking Water to Rats; Protocol 1613-002. Argus Research Laboratories, Inc.,
Horsham, PA. June 30.

Bekkadal, M.Y.V. 2000. Protocol: Testing the Effects of Pre- and Neonatal Hypothyroidism
Induced by Maternal Ammonium Perchlorate on the Development of Motor Activity in Rat Pups.
January.

Goodman, G. 1999. Preliminary Statistical Analysis of Motor Activity Data for Male Rats on
Postnatal Day 14 from the Neurodevelopmental Study Performed by Argus Laboratories.
Presented to K. Crofton, U.S. EPA Research Triangle Park, NC. June 22.

Primedica, 2001. Final Primedica Study Report: Protocol 1416-003, Hormone, Thyroid and
Neurohistological Effects of Oral (Drinking Water) Exposure to Ammonium Perchlorate in
Pregnant and Lactating Rats and in Fetuses and Nursing Pups Exposed to Ammonium
Perchlorate During Gestation or via Maternal Milk. Primedica Argus Research Laboratories,
Inc., Horsham, PA. March.

Expert Review of Primedica 2001 21 May 18, 2001




22

Appendix A: Background Document and Charge to Reviewers

Expert Review of Primedica 2001 22 May 18, 2001




Review of Brain Morphometry
Results From a Perchlorate
Toxicity Study (Primedica 2001)

March 5, 2001

Sponsored by the Perchlorate Study Group

Toxicology Excellence for Risk Assessment
1757 Chase Avenue
Cincinnati, OH 45223

Expert Review of Primedica 2001 23

23

May 18, 2001




24

Thank you for assisting in this interesting and important process. We have asked several experts
in the fields of neurodevelopment and developmental thyroid endocrinology to prepare an expert
review of the study entitled Hormone, Thyroid and Neurohistological Effects of Oral (Drinking
Water) Exposure to Ammonium Perchlorate in Pregnant and Lactating Rats and in Fetuses and
Nursing Pups Exposed to Ammonium Perchlorate During Gestation or via Maternal Milk
(Primedica, 2001). In this study, perchlorate, a known anti-thyroid agent, was given to female
rats prior to and during gestation and lactation in order to assess the effects of perchlorate on rat
fetuses and pups. Thyroid hormone status and thyroid pathology was evaluated in the dams and
pups. In addition, the effects of perchlorate on brain histopathology and morphometry was
evaluated in pups on postnatal days (PND) 1

0 and 22. Although no effects were observed on brain histopathology at any dose level, some
statistically significant differences in the linear dimensions of certain brain regions were

A+ tenl + hnth ¢ + W/
observed in some groups of treated pups compared to controls at both time points. We are

seeking your guidance on interpreting the significance of these results and on whether
conclusions about the effects of perchlorate exposure on rat brain development can reliably be
reached from these results. This study and your review will be submitted to the U.S. EPA for
consideration in their risk assessment of perchlorate.

The U.S. EPA is in the process of developing regulations in the form of a drinking water
standard for perchlorate to protect public health. The Primedica (2001) study was conducted to
provide information to support this process and your review will contribute to an understanding
of how this study should be used in the risk assessment. Although further research will
undoubtedly be done on perchlorate, the urgency of the public health concern requires the U.S.
EPA to move forward expeditiously with its review and regulatory process. That process will
probably be concluded before any additional research is completed. We ask that you keep this
context in mind during your review, and that you comment specifically on what can be
concluded from the existing studies and data.

In the next section, we provide you with some background information on perchlorate, the U.S.
EPA risk assessment methods and on other health effects studies that have been conducted in
order to provide some context for your review. In the final section, we provide guidelines for
reviewers, asking a series of specific questions to help frame your review. Please review this
background information and guidelines thoroughly before proceeding with your review as it puts
your review in context of the larger project.

Background Information

What is Perchlorate?
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Perchlorate is an ion, ClOy’, that has been used both industrially and medically. Large-scale
production of perchlorate-containing chemicals began in the U.S. in the mid-1950s. About 92%
of perchlorate manufactured is used as a solid rocket propellant, 7% is used in explosives, and
about 1% is used in other products such as fireworks and airbag inflators. Perchlorate was used
from the 1950s to mid 1960s to treat Graves’s disease, an autoimmune disease that results in
hypothyroidism. However, this medical use declined after a limited number of patients
developed severe hematological side effects after being treated with very large doses (>1200
mg/kg-day) of perchlorate. Currently, perchlorate is used in conjunction with the heart drug
amiodorone to prevent iodine toxicity.

Perchlorate was first detected in a groundwater system in the United States in 1985 and then
again in 1992. In 1997, an improved analytical method reduced the detection limit from 100 ppb
to 4 ppb in water, and subsequently, perchlorate was detected in groundwater supplies in many
states. The sources of the groundwater contamination are its production and use as a rocket fuel,
as well as naturally occurring perchlorate in some nitrate fertilizers. Because of the potential for
exposure to large numbers of people through their drinking water, the EPA initiated assessment
and regulatory activities aimed at developing an appropriate drinking water standard for
perchlorate adequate to protect public health.

Preliminary assessments in 1992 and 1995 found that the toxicological database in existence at
the time was inadequate to properly evaluate possible public health risks. Although human case
reports and short-term animal studies in the literature at that time suggested that perchlorate had
effects on thyroid iodine uptake, circulating thyroid hormones, and thyroid pathology, there was
very limited information on possible effects on other organs or on effects at low doses. To
provide the minimum data needed to conduct a risk assessment, a cooperative effort was initiated
by the U.S.EPA, the Department of Defense, and the Perchlorate Study Group, a coalition of 9
private companies that make or used perchlorate, to design and fund needed toxicology studies.
By the end of 1998, the following studies had been completed:

e A study of 90-day oral administration to rats found effects on thyroid hormones and mild
thyroid histopathology, but no other effects.

e A Segment II (standard teratology protocol; gross structural and visceral exam of fetuses 1
day before delivery) developmental study in rabbits found thyroid effects, but no
developmental effects.

A 2-generation reproductive study found effects in the thyroid, but no effect on reproduction.
A neurodevelopmental study in rats found effects on circulating thyroid hormones and on
thyroid histology. Also observed were changes in motor activity at PND 14 that were not
statistically significant, but showed a trend, and statistically significant changes in brain
morphometry in male pups at PND 12. The latter measurement was observed in a non-
random sampling of culled pups and was not part of the original design, but these potential
effects raised concerns and were the basis for the rationale for further brain developmental
study. This study is discussed in more detail below.

Genotoxicity studies found no evidence of direct effects on DNA.

Immunotoxicity studies found no clear evidence of effects but design flaws led to repeated
studies.

Expert Review of Primedica 2001 25 May 18, 2001




26

In December 1998, U.S. EPA released a document that reviewed these studies as well as the
historical literature on perchlorate effects and presented a preliminary risk assessment (U.S.EPA.
1998°%). A peer review panel reviewed the EPA document in February 1999 and made
recommendations for additional studies’. Among the studies recommended is the Primedica
2001 study which you are being asked to review. U.S. EPA is currently considering this new
data as it finalizes its risk assessment document.

What are U.S. EPA Risk Assessment Methods?

Central to the EPA approach to non-cancer risk assessment is the development of a Reference
Dose (RfD) for perchlorate. The RfD is rooted in the assumption that a threshold exists for
systemic effects, so a range of exposures from zero to some finite value can be tolerated by the
organism with essentially no chance of expression of the toxic effect. A reference dose is an
estimate of a dose to a sensitive human population that is likely to be without adverse effects
during a lifetime of exposure. Since such a dose level is never known with certainty; the EPA
uses a standardized approach to evaluation of the data that is available to derive the RfD.
Specifically, the approach involves a review and integration of all relevant information and the
identification of a No-Observed-Adverse-Effect Level (NOAEL) or a Lowest Observed Adverse
Effect Level (LOAEL) from existing studies.

It was expected that the studies of perchlorate toxicity outlined above could be used in the
process of defining a NOAEL or a LOAEL for a critical effect of perchlorate exposure. A
NOAEL is defined as the highest exposure level at which there is no statistically or biologically
significant increase in the frequency or severity of adverse effects between the exposed
population and its appropriate control. A LOAEL is defined as the Jowest exposure level at
which there are statistically or biologically significant increases in frequency or severity of
adverse effects between the exposed population and its appropriate control group. The U.S. EPA
defines a “critical effect” as the first adverse effect, or its known precursor, that occurs to the
most sensitive species as the dose rate of an agent increases. For the purposes of identifying
critical effects to be applied in establishing RfDs, the U.S. EPA defines an “adverse effect” as a
biochemical change, functional impairment, or pathologic lesion that affects the performance of
the whole organism, or reduces an organism's ability to respond to an additional environmental

challenge.

The RfD is derived by dividing the appropriate NOAEL by an uncertainty factor (UF).
Generally, the UF consists of multiples of 10, each factor representing a specific area of
uncertainty inherent in the available data. For example, a factor of 10 may be introduced to
account for the possible differences in responsiveness between humans and animals in prolonged

® U.S. EPA 1998. Perchlorate Environmental Contamination: Toxicological Review and Risk Characterization
Based on Emerging Information. NCEA-1-0503, Office of Research and Development. U.S. Environmental
Protection Agency, Washington D.C. December 3 1, External Review Draft

7 U.S. EPA 1999, Perchiorate Peer Review Workshop Report. EPA Contract Number 68-W98-085, Office of Solid
Waste. U.S. Environmental Protection Agency, Washington D.C. May 31.
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exposure studies. A second factor may be used to account for variation in susceptibility among
individuals in the human population. The uncertainty factors may be modified from the default
value of 10 based on the data relevant to the specific area of uncertainty.

The determination of the appropriate NOAEL and critical effect are made after an integrative
review of all relevant toxicological studies. The determination evaluates the consistency of the
effects documented in toxicity studies with anything that is known about the mechanism of
action of the chemical in question. The analysis considers the consistency of the effect across
species and across sexes, if such information exists. It also considers the consistency across
different doses in a single or in multiple studies. Consistency of effects across studies and with
the mechanism of action lend more support to the choice of the critical effect and study to use as
the basis for the risk assessment.

How Have EPA Risk Assessment Methods Been Applied to Perchlorate Data?

Imperative in developing a risk assessment is determining what effects should be considered
“adverse.” The series of studies of perchlorate that were completed in 1998 found effects on
thyroid hormones at doses as low as 0.01 mg/kg/day in the 90 day drinking water study, and
thyroid gland hypertrophy at 0.1 mg/kg/day. Effects on the thyroid were found consistently
across several of the studies and were consistent with the known mechanism of action of
perchlorate as an inhibitor of iodine uptake into the thyroid, with subsequent affects on thyroid
histology (e.g., hypertrophy and hyperplasia) and on circulating thyroid hormones and TSH. A
significant point of discussion at the peer review of EPA’s 1998 risk assessment was the
determination of what effect on thyroid function would be considered an adverse effect to the
organism, in light of the known capacity of the thyroid to adapt to changing conditions. In their
report, the peer review panel concluded that the normal function of the thyroid is to maintain
thyroid hormone levels and the normal thyroid can respond to environmental conditions, such as
iodine deficiency, with substantial physical changes that work to maintain homeostasis. These
changes alone do not constitute an adverse effect. The peer review panel stated that hypertrophy
and/or hormone changes are part of the normal functioning of the thyroid. They recommended
that hyperplasia should be considered an adverse effect and used as a basis for RfD derivation.
Thus, the peer review panel provided fairly clear guidelines as to what effect in the thyroid
should be considered adverse.

Primarily as a result of this direction, and the fact that hyperplasia in the thyroid occurred only at
higher doses of about 3-10 mg/kg/day, the possible developmental effects on the brain have
assumed great importance in the evaluation of perchlorate risk. The known effect of thyroid
hormones and TSH on brain development, and the data from the Argus (1998) study, discussed
in the next section, raised concerns about a potential secondary effect of perchlorate exposure on
brain development. Because of the importance of this effect for identifying a potentially "most-
sensitive population”, and a "critical effect”, it was imperative to determine whether these effects
occur reproducibly, whether they are biologically significant, and if so, at what doses they occur.
Because the initial neurobehavioral developmental study (Argus, 1998) was not adequate to
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answer these questions, based on the judgement of the peer review panel, the Primedica (2001)
study, which is the subject of this review, and a repeat of the motor activity tests (Bekkedal,
2000) were performed. For historical perspective, the Argus (1998) study is described in the
following section.

What Do the Health Effects Studies Show?

Neurobehavioral developmental study (Argus, 1998: see Attachment B)

Design. 1n 1997, a panel of perchlorate scientists was convened to decide on the study designs
required to provide necessary data for risk assessment. Based on the recognized effects of
thyroid hormones on brain development, learning, and behavior, including the effect of T4
deficit on IQ and learning ability in later life, the review group determined that neurobehavioral
endpoints were the most important endpoints. The study was designed primarily to evaluate a
battery of behavioral outcomes, and relatively little thyroid assessment was planned. (The
thyroid was being amply evaluated in the other concurrent studies, listed previously, and
designed at the same time.) The emphasis was placed on functional studies, and neuropathology
was only done in relatively small groups of animals (n=6) at 2 time points (postnatal day [PND]
12 and PND 82-85). The behavioral tests were done according to a standard EPA design. One
modification was to start dosing at gestation day 0, rather than the typical dosing on GD6 in the
rat, in order to allow time for hypothyroidism to develop.

Results and Conclusions. There were changes in the thyroid gland and in thyroid hormone levels
in the limited evaluation of these endpoints that were made (Attachments B-2 and B-3). The
behavioral tests showed no effects on passive avoidance, watermaze test, or auditory startle
response (Attachment B-7). However the motor activity test found statistically significant
increased activity in males at PND14 in 3/18 time blocks, but the total activity was not
significantly different (see Attachment B-8). There were no statistically significant effects on
total motor activity in females or at other time points in males. The EPA considered the motor
activity data in male pups at PND14 to be possibly biologically significant because of the
magnitude of the change although the measurement was highly variable and not statistically
significant. As a result of this concern a better motor activity test was designed and carried out
in 2000 (Attachment C).

Standard neurohistology found no abnormalities in control or high dose animals at PND 12
(Attachment B-5) or PND 82-85 (Attachment B-6). The morphometric measurements that were
initially made only in the control and high dose groups found increase in size of the corpus
callosum that was statistically significant in females and was increased but not statistically
significant in males (Attachment B-6, Tables 1 and 2). There were also some statistically
significant changes of unknown biological significance at PND82-85 (no change in corpus
callosum; Attachment B-6, Tables 1 and 2). Based on these suggestions of an effect, EPA
requested brain morphometry on the next lower dose group (3 mg/kg/day), for PND12 pups only.
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The results shown in Attachment B-4 showed that the effect on the corpus callosum was not
evident at the 3 mg/kg/day dose group, but several other effects were present at the lower dose
but not at the higher dose. The EPA concluded that these results could be indicative of an
adverse effect on brain development.

Comments from 1999 Peer Review Panel. The 1999 peer review panel recommended that
neurological endpoints that are expected to be affected by thyroid hormones, such as corpus
callosum and other myelinated structures, should be examined to assess an agent that primarily
affects the thyroid gland. It was noted that the caudal portion of the corpus callosum is more
likely affected, and the section taken in the Argus (1998) study did not adequately evaluate the
corpus callosum. It was pointed out that the behavioral measures used are not well characterized
in terms of thyroid hormone effects, except motor activity, and that motor activity is a valuable
endpoint to examine more closely. Other endpoints mentioned by the peer reviewers included
measurement of specific mRNA's known to be affected by thyroid hormones, measurement of
apoptosis in cerebellar granular layer cells, and detailed EM study of corpus callosum cell
numbers and volumes. The peer review group also recommended that dosing should begin at
least 2 weeks before mating to allow hypothyroidism time to develop.

The Primedica 2001 study (see Attachment A)

Design. The design of the Primedica (2001) study was a collaborative effort of U.S. EPA, U.S.
DOD, with some assistance from National Institute of Environmental Health Sciences. The
designers of the study were cognizant of the results of the earlier study and the comments from
the peer review committee. The study design was somewhat constrained by competing uses of
the data. The thyroid hormone data was needed to support development of a physiologically
based pharmacokinetic model for pregnant and lactating rats and the overall design reflected this
requirement, in part. An additional constraint was the need to have the design follow a
standardized protocol as closely as possible so that it could be done by a contract laboratory. For
this reason, many of the measurements that had been suggested by the peer-reviewers were
considered to be too experimental and not sufficiently standardized. The final experimental
protocol used a standard EPA protocol, with some additional examination of the corpus
callosum. The study was designed to ensure consistent and well-documented brain sectioning.
The details of the design can be found in the draft final report (Attachment A-1) and the
neuropathology report (Attachment A-2, A-3).

Results. This section presents a summary of the thyroid effects observed in the study in both
dams and fetuses/pups in order to present background information for your review of the brain
morphometry effects. The details of the brain morphometry results can be found in the draft
final report (Attachment A-1) and the neuropathology reports (Attachments A-2 and A-3). No
effects were observed on maternal clinical signs, food and water consumption, body weight, or
any litter or natural delivery observations at any time point. In dams, relative thyroid weight was
significantly increased in the high dose group at all time points. Incidence of thyroid
hypertrophy was increased only in the high dose group at all time points. Incidence of thyroid
hyperplasia in dams was not increased in any dose group on gestation day (GD) 21. Incidence of
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thyroid hyperplasia in dams was increased in the high dose group on PND 10 and in both the 1
and 30 mg/kg-day dose groups on PND 22. In dams on GD 21, TSH and T4 were significantly
increased in all dose groups and T3 was significantly increased only in the high dose group. In
dams on PND 10 and 22, TSH was significantly increased in all dose groups, T4 was increased
only in the high dose group, and T3 was not increased in any dose group.

In male pups, thyroid weight was significantly increased in the high dose group on PND 5, in all
dose groups on PND 10, and at doses > 1.0 mg/kg-day on PND 22. In female pups, thyroid
weight was not increased on PND 5, were increased only in the high dose on PND 10, and were
increased at doses > 1.0 mg/kg-day on PND 22. Thyroids from GD 21 fetuses were not weighed.
No increased incidence of thyroid hypertrophy or hyperplasia was observed at any time point in
any dose group in either male or female pups. In general, thyroid hormones were statistically
significantly increased in at least one dose group at each time point (except T4 on PND 10 and
T3 on PND 5); however no consistent patterns were observed. TSH was increased at doses at
doses > 1.0 mg/kg-day on GD 21, PND 5 and PND 22 female pups; in the high dose group only
on PND 10; and in all dose groups in PND 22 male pups. T4 was significantly increased in the
high dose group on GD 21 and in all dose groups on PND 5 and PND 22 male pups. T3 was
significantly increased in all dose groups on GD 21, at doses > 1.0 mg/kg-day on PND 10 and
PND 22 male pups, and in the high dose group only in PND 22 female pups.

The Motor Activity Study (Bekkedal, 2000; see Attachment C).

The motor activity study (Bekkedal, 2000) was designed specifically to provide an improved
study of the effects of exposure to perchlorate during gestation on development of motor activity
inrats. This study was.designed to repeat and extend the findings on motor activity in the Argus,
1998 study. This study has been completed, but its public release has not been approved by
U.S.DOD at this time. . The study PI has informed us that repeated measures ANOVA found no
difference in activity between the treatment groups. However, the analysis of this data by the
U.S. EPA has not been completed and it is possible that other analyses may come to different
conclusions. '

Guidelines for Reviewers

Your review should focus on the brain morphometry results of the Primedica 2001 study,
considering other aspects of the study as they affect the interpretation of the brain morphometry.
The Argus (1998) study is also included for your review, but we are not asking for a detailed
review of the methodology and results in the Argus (1998) study. Please use it to the extent that
you find it useful to address the specific questions below. Also, please note that the two studies
were conducted by the same laboratory, which underwent a name change between 1998 and
2001. The U.S. EPA risk assessors are currently completing a revised risk assessment report of
perchlorate, which will undergo a peer review in the summer of 2001. The Primedica (2001) has
been submitted to U.S. EPA, and your comments will also be submitted U.S. EPA to facilitate
their understanding of the results of this study. Therefore, as you provide your comments, please
keep in mind the overriding questions that are important to risk assessors:
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Do the statistically significant changes observed in the Primedica (2001) study,
when considered in light of the results of the Argus (1998) neurobehavioral
developmental study, represent a consistent effect of perchlorate exposure on
behavioral or structural development of the brain?

s b A Aaflaas W1 o2 1.
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relevant?

If the observed effects are biologically relevant, can they be considered adverse,
as defined in the discussion on page 3 of this cover paper?

If the effect on brain development or behavior is considered adverse, what dose
produces the adverse effect in the test species (rat)?

If the effects are considered to be adverse, are they relevant to humans?

To the extent possible, please orient your comments to address these issues using the existing
studies.

We would like the review to be conducted consistent with the manner in which you would
typically conduct a peer review of any scientific study. We are interested in knowing whether
the research and results presented in this study constitute a reliable indication of adverse effects
due to perchlorate exposure. If you feel some data are reliable and some are not, please make
that distinction. In reviewing the study, please point out any errors or information that you
identify as omitted, misleading, or unclear. Keep in mind that key statements of fact, unless well
known, should be supported by literature references and/or experimental evidence.

Hence, we have highlighted specific issues we would like you to consider in your review. Please
do not speculate, nor respond to any issues about which you believe you do not have expertise.

Issue 1: Design of Primedica (2001)

e Please comment on aspects of the experimental design that would affect the interpretation of
the brain morphometry results?

e Were the morphometric methods used appropriate for determining an effect on brain
development?

1

e Is the sampling procedure used in this study for microscopic‘ evaluations appropriate to look
for an effect that is mediated through the thyroid hormones or TSH?

¢ Do the measurements made in this study have inherent sources of variation, and was the
inherent variability adequately controlled in the study? How does the variability reported in
this study compare with the expected variance?
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o Did the techniques used result in adequate homology in the brain sections and did they
adequately control for sources of variation in the brain morphometric measurements?

o How does the use of coronal sections affect the ability to compare the results with values
reported in the literature?

e How do the linear dimensions of measured brain regions from the control animals in this
study compare to literature values?

¢ How might assessing the morphometry of brain structures in the rat at the ages chosen in this

study (PND 10 and PND 22) affect interpretation of whether the findings are biologically
significant?

Issue 2: Biological Significance of Results

o Is there a 'pattern’ to the observed changes that can be interpreted as a consistent effect on
brain development, based on the results from the Primedica (2001) study and the Argus
(1998) neurobehavioral study?

o There are several significant effects in males at the 1 mg/kg/d dose that are not present at the
higher dose (e.g., left striatum and right CA1). Also, there are several parameters that are
affected by dose, but that show a similar magnitude of effect over the very large dose (e.g.,
cerebellum) range in this study. Is there an explanation for these observations of more
regions with statistically significantly different measures at the lower doses than the high
dose?

o Is there a known or likely explanation for the apparent difference in direction of the change
in brain morphometric measurements in males and females (e.g., increases in males,
decreases in females)?

e Are the statistically significant changes in linear dimensions observed in this study
considered biologically significant? If not, what degree and/or direction of change (i.e., 10%

increase, 20% decrease etc.) would be considered biologically significant?

Issue 3: Biological Plausibility of Results (consistency with mechanism of action)

* Are the changes observed in linear dimensions of brain regions consistent with changes in the
thyroid hormone or thyroid histopathology observed in the same groups of animals?
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e Do the results reported for the structures measured correspond to effects observed in
published studies of severe hypothyroidism?

e Does the pattern of statistically significant changes observed in the brains correspond to the
pattern that would be expected if these changes were being mediated by alterations in thyroid
hormone levels?

Issue 4: Relationship with Behavioral/Functional Effects

e Are the statistically significant changes observed in linear dimensions of brain regions in
pups likely to be associated with behavioral/functional effects in adult animals?

¢ Have the appropriate behavioral endpoints been examined in order to evaluate an effect of
perchlorate exposure on behavior?

Issue 5: Relevance to Humans

¢ Can you comment on whether the brain effects observed in rats would be expected to be
observed in humans as well? If changes in linear dimensions of brain regions were to be
observed in humans, would these changes result in a functional or behavioral deficit?

* In particular, how might species differences in brain morphometry and development affect
the appropriateness of the rat as a model for human neurodevelopment?
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Materials Included in Package

The focus of this review is the Primedica (2001) study. However, we have included materials
from other studies in the package in order provide enough background to familiarize you with

. the issues associated with perchlorate toxicity. Please use it to the extent that you find it useful
to address the specific questions asked, but do not feel that you must closely examine everything
provided in this package. If you require additional information that has not been included in this
package, it will be provided to you; please contact Joan Dollarhide at TERA. Examples of
information available include the individual animal data and other detailed study results from the
Primedica, (2001) and the Argus (1998) studies, reports from earlier toxicity studies, and
perchlorate studies available from the general literature.

Attachment A: The Primedica (2001) Report.

The final report for this study is currently in preparation. Attachment A contains a draft final
report as well as additional data tables, the neuropathology report for both PND 10 and PND 22
pups, and reports on serum hormone analyses. All of this material will be included as
appendices in the final study report.

A-1: Draft final report. This draft is relatively complete and contains summary data on
thyroid hormones and histology, brain histology and morphometry, and general
study design and results.

A-2: Draft final neuropathology report for PND 10 pups. This report was prepared by
Consultants in Veterinary Pathology and contains a detailed description of the
brain histology and morphometric methods.

A-3: Draft final neuropathology report for PND 22 pups. This report was prepared by
Consultants in Veterinary Pathology and contains a detailed description of the
brain histology and morphometric methods.

A-4: Photographs of Brain Sections, This attachment provides thumbnail photos of each
brain section in the study, and is provided to allow reviewers to assess variability
and homology of sections. _

A-5: Dose-response Curves for Brain Morphometry Data. This attachment provides
plots of the dose-response curves for each brain region that had at least one
statistically significantly increased or decreased measurement. Note, the curves
also present the results of regression analyses conducted by TERA, however, the
primary purpose of including these curves is to help you visualize the dose-
response.

A-6: Serum hormone analyses for gestation day 21 dams and pooled litters.
A-7: Serum hormone analyses for PND 10 dams and pooled litters, and pups culled

at PND 5.
A-8: Serum hormone analyses for PND 22 dams and litters pooled by sex, and pups culled

at PND 5.
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Attachment B: The Argus 1998 Neurobehavioral Study Report
This study has been included to provide background on perchlorate neurotoxicity and to assist
you in answering specific questions regarding the comparison of the results of the two studies.

B-1: Final report of the Argus (1998) study. The third page of Attachment B-1 (page 20
from the report) shows a schematic of the study design. Page 45 of the study
shows the protocol for selection of pups for various endpoints. Pages 46-49
describe the behavioral test conducted. The Results section starts on page 55.

B-2: Serum thyroid hormone measurements for PNDS3 culled pups and PND10 dams.
These are the only thyroid hormone measurements available for this study.

B-3: Thyroid Histopathology from Argus (1998). This attachment represents a reanalysis
of the thyroid histopathology; based on criteria developed by a Pathology
Working Group and as reported by an EPA pathologist in May, 2001. A major
recommendation of the peer review group was to convene a PWG to develop
consistent criteria for evaluating thyroid pathology and to re-evaluate all of the
earlier studies to get a consistent pathology evaluation. These tables should be
considered the definitive data from the Argus, 1998, study and they supplant the
histopathology results described in the final report (B-1).

B-4: Memo from an EPA neurotoxicologist. In the original protocol, neurohistology
was done only on the control and high dose group. Because a statistically
significant effect was seen in the corpus callosum, the next lower dose group was
evaluated. This memo (only pages 1-4 of 32 are included) shows summary
figures for the brain measurements that showed any statistically significant
differences.

B-5. Neurohistology and morphometrics report on the PND12 pups. It contains

detailed description of the brain histology and morphometry methods and the

results from the control and high dose groups.

B-6: Neurohistology and morphometrics report on the PND82-85 pups. It contains
detailed description of the brain histology and morphometry methods and the
results from the control and high dose groups.

B-7: Summary data for the Passive Avoidance, Watermaze, and Auditory startle response
tests in Argus (1998)

B-8: Summary data from the motor activity testing in Argus (1998). These contain

data from measurements of number of movements and time spent in movement for

male and female pups at PND 14, 18, 22, and 59.

Attachment C: Repeat of Motor Activity Study (Bekkedal, 2001)

Attachment C contains the proposed protocol for this study. The study was performed in
accordance with this protocol except that there was a proposal to collect data on rat pup play
activity that was not done. The study PI has informed us that repeated measures ANOVA found
no difference in activity between the treatment groups. However, the analysis of this data by the
U.S. EPA has not been completed and it is possibie that other analyses may come to different
conclusions.
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Appendix B: Curricula Vita for Reviewers
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Research Associate at HRU Number 1, Fort Knox, Kentucky, 1952-
1954

The Jackson Laboratory, Bar Harbor, Maine
Visiting Investigator, Summers, 1955-1962, 1966, 1968-1970, 1972,
1982, 1984, 1986-

Cambridge University, England; Sabbatical leave at Subdepartment
of Animal Behaviour, 1963-1964

Honors or Distinctions

NIH Special Fellowship, 1963-1964
Annual Résearch Award, Sigma Xi, Purdue Chapter, 1965
Behavioral Sciences Training Committee, NIGMS, NIH, 1967-1971

Committee on Brain Sciences of the NRC-NAS, 1967-1973

I




APA Committee on Precautions and Standards in Animal
Experimentation, 1967-1970 (Chairman, 1969-1970)

President, International Society of Developmental Psychobiology,
1970

American Association for the Advancement of Science,
Committeeman-at-Large of Psychology Section and member, AAAS
Council, 1971-1974

Brain Sciences Subcommittee IV: Importance of Early Experiences in
Child Development. Assembly of Life Sciences, NRC-NAS, 1973-
1978

Division of Comparative and Physiological Psychology, APA;
member of Membership Committee, 1970-1973; member of Executive
Committee, 1980-1983

Member, Rating Committee to review all doctoral programs in
Psychology in the State of New York, 1985-1989

Member, Board of Scientific Affairs, American Psychological
Association, 1989 -1992

Panel member for the evaluation of the Howard Hughes Medical
Institute Fellowship Applications, National Research Council, 1989 -
1992; 1998-1999

Invited address at celebration of the 100th anniversary of the
founding of the Pavlov Institute, Leningrad, Russia, USSR, 16-19
April 1991.

Consulting Editor, Journal of Comparative Psychology, 1991-1993

Associate Editor, Psychobiology, Behavioral and Brain Sciences,
1982--
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Liason between Science Directorate, APA, and the Society for
Neuroscience, 1993 -1998.

Special Review Consultant, NIDA, Drug Abuse Biomedical Research
Review Committee, 1990-1994, 1996

Special Review Consultant, NICHD, 1997
Listed in Who's Who in America

Fellow, American Association for the Advancement of Science,
American Psychological Association, Animal Behaviour Society

Major Research Interests

Animal models of learning disability
Brain laterality and early experiences
Effects of early experiences
Brain-behavior relationships

Sex steroids and behavior

Genes and behavior
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PUBLICATIONS OF VICTOR H. DENENBERG

1950
Research

Ross, S., Smith, W., and Denenberg, V. H. A preliminary study of individual and
group hoarding in the white rat. J. Genet. Psychol., 1950, 77, 123-127.
1952

Research

Denenberg, V. H. Hoarding in the white rat under isolation and group conditions.
J. Comp. Physiol. Psychol., 1952, 45, 497-503.

1953
Methodology/Apparatus

Denenberg, V. H. A simplified method of measuring kinesthetic reaction- times.
Amer. J. Psychol., 1953, 66, 309-311.

1954
Research

Denenberg, V. H. The training effectiveness of a tank hull trainer.
U. S. Dept. Army, HUmMRRO, Tech. Rep. 3, 1954.

Denenberg, V. H. The training effectiveness of the track and suspension system
trainer, Device 29-FA-61. Human Res. Unit Nr. 1, Ft. Knox, KY, Information
Rep., 1954.

Denenberg, V. H., and Levy, L. Relationships between firing scores for the M1
rifle, carbine, and light machine gun. Human Res. Unit Nr. 1, Ft. Knox, KY,
Tech. Rep., 1954.

Denenberg, V. H., and McGuigan, F. J. Evaluation of a special live-fire trigger-
squeeze exercise. U. S. Dept. Army, HUMRRO, Tech. Rep. 6, 1954.

McGuigan, F. J., and Denenberg, V. H. Accuracy of M1 rifle scores obtained on
the known-distance range. U. S. Dept. Army, HUmMRRO, Res. Mem. 4, 1954.

Tallarico, R. B., Montague, W., and Denenberg, V. H. The map-using proficiency
of basic trainees. U. S. Dept. Army, HumRRO, Tech. Rep. 11, 1954.

Statistics

Denenberg, V. H. Remark on "A qualification in the use of analysis of variance.”
Psychol. Bull., 1954, 51, 169-171.




1956
Research

Ross, S., Denenberg, V. H., and Chambers, R. M. Development of high level
science talent. The Science Teacher, 1956, 23, 279-281, 301, 303.

Ross, S., Denenberg, V. H., Sawin, P. B., and Meyer, P. Changes in nest
building behaviour in multiparous rabbits. Brit. J. Anim. Behav., 1956, 4, 69-74.

1957
Research

Denenberg, V. H., and Naylor, J. C. The effects of early food deprivation upon
adult learning. Psychol. Rec., 1957, 7, 75-77.

Theory and/or Review

Ross, S., Ginsburg, B., and Denenberg, V. H. The use of the split-litter technique
in psychological research. Psychol. Bull., 1957, 54, 145-151.

1958
Research

Denenberg, V. H. Effects of age and early experience upon conditioning in the
C56Bl/10 mouse. J. Psychol., 1958, 46, 211-226.

Dehenberg, V. H,, King, J. A., and Ehrenfeld, D. W. Effects of testosterone
proprionate on the avoidance learning of male C57BL/6 mice. Physiol. Zool.,
1958, 31, 244-247.

Denenberg, V. H., and Kline. N. J. The relationship between age and avoidance
conditioning in the hooded rat. J. Comp. Physiol. Psychol., 1958, 51, 488-491.

Denenberg, V. H., and Myers, R. D. Learning and hormone activity: |. Effects of
thyroid levels upon the acquisition and extinction of an operant response. J.
Comp. Physiol. Psychol., 1958, 51, 213-219.




Denenberg, V. H., and Myers, R. D. Learning and hormone activity: Il. Effects
of thyroid levels upon retention of an operant response and upon
performance under starvation. J. Comp. Physiol. Psychol., 1958, 51, 311-314.

Denenberg, V. H., Sawin, P. B., Frommer, G. P., and Ross, S. Genetic,
physiological and behavioral background of reproduction in the rabbit: 1V. An
analysis of maternal behavior at successive parturitions. Behaviour,

1958, 13, 131-142.

1959
Research

Denenberg, V. H. Interactive effects of infantile and adult shock levels upon
learning. Psychol. Rep., 1959, 5, 357-364.

Denenberg, V. H. Learning differences in two separated lines of mice.
Science, 1959, 130, 451-452.

Denenberg, V. H., and Bell, R. W. Relationships between social reactions and
avoidance conditioning. Physiol. Zool., 1959, 32, 51-56.

Denenberg, V. H., and Karas, G. G. Effects of differential infantile handling upon
weight gain and mortality in the rat and mouse. Science, 1959, 130, 629-
630.

Denenberg, V. H., Petropolus, S. F., Sawin, P. B., and Ross, S. Genetic,
physiological, and behavioral background of reproduction in the rabbit: V1.
Maternal behavior with reference to scattered and cannibalized newborn and
mortality. Behaviour, 1959, 15, 71-76.

Denenberg, V. H., Ross, S., and Elisworth, J. Effects of chlorpromazine on
acquisition and extinction of a conditioned response in mice.
Pyschopharmacologia, 1959, 1, 59-64.

Ross, S., Chambers, R. M., and Denenberg, V. H. Value profiles of biological
science research apprentices. Amer. Inst. Biol. Sci. Bull., 1959, 9, 16-19.

Ross, S, Denenberg, V. H., Frommer, G. P., and Sawin, P. B. Genetic,
physiological and behavioral background of reproduction in the rabbit: V. Non-
retrieving of neonates. J. Mammalogy, 1959, 40, 91-96.

1960

Research




Denenberg, V. H. A test of the critical period hypothesis and a further study of
the relationship between age and conditioning in the C57BI/10 mouse. J. Genet.
Psychol., 1960, 97, 379-384.

Denenberg, V. H. The relationship between a measure of kinesthesis and two
indices of adjustment. J. Gen. Psychol., 1960, 62, 43-52.

Denenberg, V. H., and Bell, R. W. Critical periods for the effects of infantile
experience on adult learning. Science, 1960, 131, 227-228.

Denenberg, V. H., and Karas, G. G. Interactive effects of age and duration of
infantile experience on adult learning. Psychol. Rep., 1960, 7, 313-322.

Denenberg, V. H., and Karas, G. G. Supplementary report: The Yerkes-Dodson
law and shift in task difficulty. J. Exp. Psychol., 1960, 59, 429-430.

Ross, S., Scott. J. P, Cherner, M., and Denenberg, V. H. Effects of restraint
and isolation on yelping in puppies. Anim. Behav., 1960, 8, 1-5.

Sawin, P. B., Denenberg, V. H., Ross, S., Hafter, E., and Zarrow, M. X. Maternal
behavior in the rabbit: Hair loosening during gestation. Amer. J. Physiol., 1960,
198, 1099-1102.

Chapter

Ross, S., and Denenberg, V. H. Innate behavior: The organism in its
environment. In R. H. Waters et al. (eds.) Principles of Comparative
Psychology. New York: McGraw-Hill, 1960. Pp. 43-73.

1961
Research
Denenberg, V. H., and Karas, G. G. Interactive effects of infantile and adult

experience upon weight gain and mortality in the rat. J. Comp. Physiol.
Psychol., 1961, 54, 685-689.

Denenberg, V. H., Pawlowski, A. A., and Zarrow, M. X. Prolonged alcohol
consumption in the rat: . Acquisition and extinction of a bar-pressing response.
Quart. J. Stud. Alcoh., 1961, 22, 14-21.

Karas, G. G., and Denenberg, V. H. The effects of duration and distribution of
infantile experience on adult learning. J. Comp. Physiol. Psychol., 1961, 54, 170-
174.
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Pawlowski, A. A., Denenberg, V. H., and Zarrow, M. X. Prolonged alcohol
consumption in the rat: ll. Acquisition and extinction of an escape response.
Quart. J. Stud. Alcoh., 1961, 22, 232-240.

Ross, S., Sawin, P. B., Denenberg, V. H., and Zarrow, M. X. Maternal behavior
in the rabbit: Yearly and seasonal variation in nest building. Behaviour, 1961,
18, 154-160.

Zarrow, M. X, Sawin, P. B., Ross, S., Denenberg, V. H., Crary, D., Wilson, E. D.,
and Farooq, A. Maternal behaviour in the rabbit: Evidence for an endocrine
basis of maternal-nest building and additional data on maternal-nest building in
the Dutch-belted race. J. Reprod. Fertil., 1961, 2, 152-162.

Methodology/Apparatus

Denenberg, V. H., and Besco, R. O. A method of obtaining a common rank order
scale from incomplete data. Personnel Psychol., 1961, 14, 207-210.

Commentary

Denenberg, V. H. Comment on "Infantile trauma, genetic factors, and aduit
temperament.” Psychol. Rep., 1961, 8, 459-462.

1962
Research

Denenberg, V. H. An attempt to isolate critical periods of development in the rat.
J. Comp. Physiol. Psychol., 1962, 55, 813-815.

Denenberg, V. H., Carlson, P. V., and Stephens, M. W. Effects of infantile shock
upon emotionality at weaning. _J. Comp. Physiol. Psychol., 1962, 55, 819-820.

Denenberg, V. H., and Morton, J. R. C. Effects of environmental complexity and
social groupings upon modification of emotional behavior. J. Comp. Physiol.
Psychol., 1962, 55, 242-246.

Denenberg, V. H., and Morton, J. R. C. Effects of preweaning and postweaning
manipulations upon problem-solving behavior. J. Comp. Physiol. Psychol., 1962,
55, 1096-1098.

Denenberg, V. H., Morton, J. R. C., Kline, N. J,, and Grota, L. J. Effect of
duration of infantile stimulation upon emotionality. Canad. J. Psychol., 1962, 16,
72-76.




Denenberg, V. H., Ottinger, D. R., and Stephens, M. W. Effects of maternal
factors upon growth and behavior of the rat. Child Development, 1962, 33,
65-71.

Zarrow, M. X, Farooq, A., and Denenberg, V. H. Maternal behavior in the rabbit:
Critical period for nest building following castration during pregnancy. Proc. Soc.
Exper. Biol. Med., 1962, 111, 537-538.

Zarrow, M. X., Pawlowski, A. A., and Denenberg, V. H. Electroshock convulsion
threshold and organ weights in rats after alcohol consumption. Amer. J.
Physiol., 1962, 203, 197-200.

Chapters

Denenberg, V. H. The effects of early experience. In E. S. E. Hafez (ed.)
The Behaviour of Domestic Animals. London: Bailliere, Tindall and Cox, Ltd.,
1962. Pp. 109-138.

Denenberg, V. H., and Banks, E. M. Techniques of measurement and
evaluation. InE. S. E. Hafez (ed.) The Behaviour of Domestic Animals.
London: Bailliere, Tindall and Cox, Ltd., 1962. Pp. 201-243.

Zarrow, M. X., Sawin, P. B., Ross, S., and Denenberg, V. H. Maternal behavior
and its endocrine basis in the rabbit. In E. L. Bliss (ed.) Roots of Behavior.
New York: Harper, 1962. Pp. 187-197.

1963
Research
Bell, R. W., and Denenberg, V. H. The interrelationships of shock and critical
periods in infancy as they affect adult learning and activity. Anim. Behav., 1963,
11, 21-27.

Denenberg, V. H., Grota, L. J., and Zarrow, M. X. Maternal behaviour in the rat:
Analysis of cross-fostering. J. Reprod. Fertil., 1963, 5, 133-141.

Denenberg, V. H., Huff, R. L., Ross, S., Sawin, P. B., and Zarrow, M. X.
Maternal behaviour in the rabbit: The quantification of nest building. Anim.
Behav., 1963, 11, 494-499.

Denenberg, V. H., Ross, S., and Blumenfield, M. Behavioral differences between
mutant and nonmutant mice. J. Comp. Physiol. Psychol., 1963, 56, 290-
293.
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Denenberg, V. H., and Smith, S. A. Effects of infantile stimulation and age upon
behavior. J. Comp. Physiol. Psychol., 1963, 56, 307-312.

Denenberg, V. H., and Whimbey, A. E. Behavior of adult rats is modified by the
experiences their mothers had as infants. Science, 1963, 142, 1192-1193.

Denenberg, V. H., and Whimbey, A. E. Infantile stimulation and animal
husbandry: A methodological study. J. Comp. Physiol. Psychol., 1963, 56,
877-878.

Denenberg, V. H., Zarrow, M. X., Kalberer, W. D., Farooq, A., Ross, S., and
Sawin, P. B. Maternal behaviour in the rabbit; Effects of environmental variation.
Nature, 1963, 197, 161-162.

Farooq, A., Denenberg, V. H., Ross, S., Sawin, P. B., and Zarrow, M. X.
Maternal behavior in the rabbit: Endocrine factors involved in hair loosening.
Amer. J. Physiol., 1963, 204, 271-274.

Morton, J. R. C., Denenberg, V. H., and Zarrow, M. X. Modification of sexual
development through stimulation in infancy. Endocrinology, 1963, 72, 439-442.

Ottinger, D. R., Denenberg, V. H., and Stephens, M. W. Maternal emotionality,
multiple mothering, and emotionality in maturity J. Comp. Physiol. Psychol.,
1963, 56, 313-317.

Ross, S., Sawin, P. B,, Denenberg, V. H., and Volow, M. Effects of previous
experience and age on sound-induced seizures in rabbits. Int. J.
Neuropharmacology, 1963, 2, 255-258.

Ross, S., Zarrow, M. X., Sawin, P. B., Denenberg, V. H., and Blumenfield, M.
Maternal behaviour in the rabbit under semi-natural conditions.
Anim. Behav., 1963, 11, 283-285.

Zarrow, M. X, Farooq, A., Denenberg, V. H., Sawin, P. B., and Ross, S.
Maternal behaviour in the rabbit: Endocrine control of maternal nest-building. J.
Reprod. Fertil., 1963, 6, 375-383.

Chapter

Ross, S., Sawin, P. B, Zarrow, M. X., and Denenberg, V. H. Matemnal behavior
in the rabbit. In H. L. Rheingold (ed.) Maternal Behavior in Mammals.New
York: John Wiley & Sons, 1963. Pp. 94-121.

Commentary




Denenberg, V. H. Comment on "Litter size, emotionality, and avoidance
learning." Psychol. Rep., 1963, 13, 885.

Science for the Public

Denenberg, V. H. Early experience and emotional development. Scientific
American, 1963, 208, 138-146.

1564
Research

Denenberg, V. H. Effects of avoidable and unavoidable electric shock upon
mortality in the rat. Psychol. Rep., 1964, 14, 43-46.

Denenberg, V. H., and Grota, L. J. Social-seeking and novelty-seeking behavior
as a function of differential rearing histories. J. Abn. Soc. Psychol., 1964, 69,
453-456.

Denenberg, V. H., Hudgens, G. A., and Zarrow, M. X. Mice reared with rats:
Modification of behavior by early experience with another species.
Science, 1964, 143, 380-381.

Denenberg, V. H., and Kline, N. J. Stimulus intensity versus critical periods: A
test of two hypotheses concerning infantile stimulation. Canad. J.
Psychol., 1964, 18, 1-5.

Denenberg, V. H., and Morton, J. R. C. Infantile stimulation, prepubertal sexual-
social interaction, and emotionality. Anim. Behav., 1964, 12, 11-13.

Denenberg, V. H., Morton, J. R. C., and Haltmeyer, G. C. Effects of social
groupings upon emotional behaviour. Anim. Behav., 1964, 12, 205-208.

Theory and/or Review

Denenberg, V. H. Critical periods, stimulus input, and emotional reactivity: A
theory of infantile stimulation. Psychol. Rev., 1964, 71, 335-351.
{A Current Contents Citation Classic]

Chapter

Denenberg, V. H. Some relationships between strong ("stressful") stimulation
in infancy and adult performance. In Symposium on Medical Aspects of
Stress in the Military Climate. Walter Reed Army Institute of Research,

Walter Reed Army Medical Center, Washington, D. C., 22-24 April, 1964,.

Pp.297-306.
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Research

Denenberg, V. H. Behavioral differences in two closely related lines of mice. J.
Genet. Psychol., 1965, 106, 201-205.

Ross, S., Denenberg, V. H., and Chambers, R. M. SVIB scores of high school
and college biological science research students. Vocat. Guide Quart., 1965,
13, 187-192.

Rabbit: Frequency of

Zarrow, M. X., Denenberg, V. H., and Kalberer, W. D. Strain differences in the
endocrine basis of maternal nest-building in the rabbit. J. Reprod. Fert., 1965,
10, 397-401.

1966
Research

Denenberg, V. H., Hudgens, G. A., and Zarrow, M. X. Mice reared with rats:
Effects of mother on adult behawor patterns. Psychol. Rep., 1966, 18, 451-456.

Denenberg, V. H., Schell, S. F., Karas, G. G., and Haltmeyer, G. C. Comparison
of background stimulation and handling as forms of infantile stimulation.
Psychol. Rep., 1966, 19, 943-948.

Grd’ta, L. J., Denenberg, V. H., and Zarrow, M. X. Normal versus caesarean
delivery: Effect upon survival probability, weaning weight, and open-field activity.
J. Comp. Physiol. Psychol., 1966, 61, 159-160.

Haltmeyer, G. C., Denenberg, V. H., Thatcher, J., and Zarrow, M. X. Response
of the adrenal cortex of the neonatal rat after subjection to stress. Nature, 1966,
212, 1371-1373.

Whimbey, A. E., and Denenberg, V. H. Programming life histories: Creating
individual differences by the experimental control of early experiences.
Multivariate Behavioral Research, 1966, 1, 279-286.

Zarrow, M. X, Haltmeyer, G. C., Denenberg, V. H., and Thatcher, !. Response
of the infantile rat to stress. Endocrinology, 1966, 79, 631-634.

Chapter

Denenberg, V. H. Animal studies of developmental determinants of behavioral
adaptability. In O. J. Harvey (ed.) Experience, Structure, and

o




Adaptability. New York: Springer, 1966. Pp. 123-142.
1967
Research
DeNelsky, G. Y., and Denenberg, V. H. Infantile stimulation and adult

exploratory behavior: Effects of handling upon tactual variation seeking.
J. Comp. Physiol. Psychol., 1967, 63, 309-312.

DeNelsky, G. Y., and Denenberg, V. H. Infantile stimulation and aduit
exploratory behaviour in the rat: Effects of handling upon visual variation-
seeking. Animal Behav. 1967, 15, 568-573.

Denenberg, V. H., Brumaghim, J. T., Haltmeyer, G. C., and Zarrow, M. X.
Increased adrenocortical activity in the neonatal rat following handling.
Endocrinology, 1967, 81, 1047-1052.

Denenberg, V. H., and Haltmeyer, G. C. A test of the monotonicity hypothesis
concerning infantile stimulation and emotional reactivity. J. Comp.
Physiol. Psychol., 1967, 63, 394-396.

Denenberg, V. H., and Rosenberg, K. M. Nongenetic transmission of
information. Nature, 1967, 216, 549-550.

Grota, L. J., Denenberg, V. H., and Zarrow, M. X. Maternal behaviour in the rat:
Some parameters affecting the acceptance of young delivered by caesarean
section. J. Reprod. Fert., 1967, 13, 405-411.

Haltmeyer, G. C., Denenberg, V. H., and Zarrow, M. X. Modification of the
plasma corticosterone response as a function of infantile stimulation and electric
shock parameters. Physiol. Behav., 1967, 2, 61-63.

Hudgens, G. A., Denenberg, V. H., and Zarrow, M. X. Mice reared with rats:
Relations between mother's activity level and offspring’s behavior.
J. Comp. Physiol. Psychol., 1967, 63, 304-308.

Levine, S., Haltmeyer, G. C., Karas, G. C., and Denenberg, V. H. Physiological
and behavioral effects of infantile stimuiation. Physiol. Behav., 1967, 2, 55-59.

Whimbey, A. E., and Denenberg, V. H. Experimental programming of life
histories: The factor structure underlying experimentally created individual
differences. Behaviour, 1967, 29, 296-314.

Whimbey, A. E., and Denenberg, V. H. Two independent behavioral dimensions
in open-field performance. J. Comp. Physiol. Psychol., 1967, 63, 500-504.

-
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Zarrow, M. X, Denenberg, V. H., Haltmeyer, G. C., and Brumaghim, J. T.
Plasma and adrenal corticosterone levels following exposure of the two-day-old
rat to various stressors. Proc. Soc. Exp. Biol. Med., 1967, 125, 113-116.

Zarrow, M. X, Grota, L. J., and Denenberg, V. H. Maternal behavior in the rat:
Survival of newborn fostered young after hormonal treatment of the foster
mother. Anat. Rec., 1967, 157, 13-18.

Chapter

Denenberg, V. H. Stimulation in infancy, emotional reactivity, and exploratory
behavior. In D. C. Glass (ed.) Neurophysiology and Emotion. New York:
Rockefeller University Press and Russell Sage Foundation, 1967. Pp.

161-190.

1968
Research

Denenberg, V. H., Karas, G. G, Rosenberg, K. M., and Schell, S. F.
Programming life histories: An experimental design and initial resuits. Dev.
Psychobiol., 1968, 1, 3-9.

Denenberg, V. H., Paschke, R. E., and Zarrow, M. X. Killing of mice by rats
prevented by early interaction between the two species. Psychon. Sci.,
1968, 11, 39.

Denenberg, V. H., and Rosenberg, K. M. Programming life histories: Effects of
maternal and environmental variables upon open-field behavior.
Develop. Psychobiol., 1968, 1, 93-96.

Denenberg, V. H., Rosenberg, K. M., Paschke, R., Hess, J. L., Zarrow, M. X.,
and Levine, S. Plasma corticosterone levels as a function of cross-species
fostering and species differences. Endocrinology, 1968, 83, 900-902.

Denenberg, V. H., and Whimbey, A. E. Experimental programming of life
histories: Toward an experimental science of individual differences.
Develop. Psychobiol., 1968, 1, 55-59.

Denenberg, V. H., Woodcock, J. M., and Rosenberg, K. M. Long'-term effects of
preweaning and postweaning free-environment experience on rats' problem-
solving behavior. J. Comp. Physiol. Psychol., 1968, 66, 533-535.

Fuller, G. B., Zarrow, M. X., and Denenberg, V. H. Decreased ovulation in the
isolated PMSG-treated immature rat and lack of effect of crowding. J.
Reprod. Fertil., 1968, 16, 309-311.




Hudgens, G. A., Denenberg, V. H., and Zarrow, M. X. Mice reared with rats:
Effects of preweaning and postweaning social interactions upon adult behaviour.
Behaviour, 1968, 30, 259-274.

Zarrow, M. X., Philpott, J. W., and Denenberg, V. H. Postnatal changes in the
pituitary-adrenal axis of the rat. Proc. Soc. Exp. Bioi. Med.,1968,128, 269-

72.

Zarrow, M. X., Philpott, J. E., Denenberg, V. H., and O'Connor, W. B.
Localization of 14C-4-corticosterone in the 2 day old rat and a consideration of
the mechanism involved in early handling. Nature, 1968, 218, 1264-1265.

Chapters

Denenberg, V. H. A consideration of the usefulness of the critical period
hypothesis as applied to the stimulation of rodents in infancy. In G. Newton and
S. Levine (eds.) Early Experience and Behavior. Springfield, IL: Thomas, 1968.
Pp. 142-167.

Zarrow, M. X., Brody, P. N, and Denenberg, V. H. The role of progesterone in
behavior. In M. Diamond (ed.) Reproduction and Sexual Behavior.
Bloomington, IN: Indiana University Press, 1968. Pp. 363-389.

Abstract

Ottinger, D. R. Blatchley, M. E., and Denenberg, V. H. Stimulation of human
neonates and visual attentiveness. Proceedings, 76th Annual Convention, APA,
1968, 3, 355-356.

1969
Research
Denenberg, V. H., Paschke, R., Zarrow, M. X., and Rosenberg, K. M. Mice

reared with rats: Elimination of odors, vision, and audition as significant stimulus
sources. Developmental Psychobiology, 1969, 2, 26-28.

Denenberé, V. H.,, Rosenberg, K. M., Paschke, R., and Zarrow, M. X. Mice
reared with rat aunts: Effects on plasma corticosterone and open-field activity.
Nature, 1969, 221, 73-74.




Denenberg, V. H., Rosenberg, K. M., and Zarrow, M. X. Mice reared with rat
aunts: Effects in adulthood upon plasma corticosterone and open-field activity.
Physiology and Behavior, 1969, 4, 705-707.

Denenberg, V. H., Taylor, R. E., and Zarrow, M. X. Maternal behaviour in the rat:
An investigation and quantification of nest building. Behaviour,1969, 34, 1-16.

Denenberg, V. H., Wehmer, F., Werboff, J., and Zarrow, M. X. Effects of
postweaning enrichment and isolation upon emotionality and brain weight in the
mouse. Physiology and Behavior, 1969, 4, 403-407.

Hess. J. L., Denenberg, V. H., Zarrow, M. X., and Pfeifer, W. D. Modification of
the corticosterone response curve as a function of handling in infancy.
Physiology and Behavior, 1969, 4, 109-111.

Nagvi, R. H., Zarrow, M. X., and Denenberg, V. H. Inhibition of androgen-
induced precocious puberty by progesterone. Endocrinology, 1969, 84, 669-670.

Philpott, J. E., Zarrow, M. X, and Denenberg, V. H. The presence of the aduit-
type pattern of adrenal steroids in the one day old rat. Steroids,1969, 14, 21-31.

Philpott, J. E., Zarrow, M. X., and Denenberg, V. H. Prevention of drop in
adrenocortical activity in the 7-day old rat by treatment with ACTH.
Proc. Soc. Exp. Biol. Med., 1969, 131, 26-29.

Philpott, J. E., Zarrow, M. X., Denenberg, V. H., Lu, K. H., Fuller, R. W., and
Hunt, J. M. Phenethanolamine N-methyl transferase and adrenocortical activity
in the neonatal rat. Life Sciences, 1969, 8, 367-371. :

Zarrow, M. X, Clark, J. H., and Denenberg, V. H. The onset of the diurnal
rhythm in ovarian cholesterol levels in the rat, in relation to the onset of puberty
and ovarian and uterine weight changes. Neuroendocrinology, 1969, 4, 270-277.
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rat visual cortex. Midwest Neurobiologists Meeting, Allerton Park, Monticello, IL, April
1991.

ska, J. M. Sex differences in the rat corpus callosum and cerebral cortex: cellular
components and plasticity. Invited paper, Midwest Psychological Association, Chicago,
IL, May 1991.

3.N. M. and J. M. Juraska Sex differences in synaptic numbers in the binocular area of the
visual cortex of the rat. Soc. Neurosci. Abst., 17: 1318, 1991.

.H. Y., A B. Ellman and J. M. Juraska Topographical organization of axons in the
splenium of the rat corpus callosum. Soc. Neurosci. Abst., 18: 300, 1992.
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Seymoure, P., J. Jang, J. Pluskwa and J. M. Juraska What is the influence of testosterone on rat
visual cortex dendritic plasticity? Soc. Neurosci. Abst., 18: 231, 1992.

Juraska, J. M. Organizer of invited symposium, "Sex differences in the brain and behavior:
Unique perspectives." American Psychological Society, Chicago, 11, June 1993.

Juraska, J. M. Sex differences in the corpus callosum : What does gross size mean? Symposium
presentation, American Psychological Society, Chicago, IL, June 1993.

Seymoure, P., H. Dou and J. M. Juraska Sex and environmental effects on radial maze
performance in hooded rats. Poster presented at American Psychological Society,
Chicago, IL, June 1993.

Moore, C. L., H. Dou and J. M. Juraska The effects of maternal stimulation on motor neuron
number in the lumbar spinal cord are specific to the SNB. Soc. Neurosci. Abst., 19:
1824, 1993.

Kim, J. H. Y. and J. M. Juraska Variation in axon density in the splenium of the rat corpus
callosum: potential influences on sex differences in axon number. Soc. Neurosci. Abst.,
19: 1312, 1993.

Warren, S. G., A. G. Humphreys, J. M. Juraska and W. T. Greenough The estrous cycle and
synaptic plasticity: enhanced LTP sensitivity in proestrus rats. International Society for
Developmental Psychobiology, Islamorada, Florida, Nov. 1994.

Seymoure, P. and J. M. Juraska Visual acuity measurements in male and female hooded rats.
International Society for Developmental Psychobiology, Islamorada, Florida, Nov. 1994,

Humphreys, A. G., S. G. Warren, J. M. Juraska and W. T. Greenough Estrous cycle regulates
synaptic plasticity: enhanced LTP sensitivity in proestrus rats. Soc. Neurosci. Abst., 20:
802, 1994.

Kim, J. H. Y. and J. M. Juraska The time course of axon elimination in the splenium of the rat
corpus callosum. Soc. Neurosci. Abst., 20: 1683, 1994

Seymoure, P. and-J. M. Juraska Behavioral measures of visual acuity in male and female rats.
Soc. Neurosci. Abst., 20: 318, 1994,

Warren, S., A. Humphreys, W. Greenough and J. Juraska Estrous cycle regulates synaptic
plasticity: Enhanced LTP sensitivity in proestrus rats. Sixth Annual Midwestern
Hippocampal Meeting, Urbana, IL, July 1994.

Moore, C. L., P. Seymoure and J. M. Juraska Dendritic morphology in the medial preoptic
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nucleus of male and female rats reared with two levels of maternal stimulation.
International Society for Developmental Psychobiology, San Diego, CA, Nov. 1995.

Nuitez, J. L..J. H. Y. Kim and J. M. Juraska The gross size of the splenium of the rat corpus
callosum: sex differences, hormones and possible correlates with axon number. Soc.
Neurosci. Abst., 21: 1065, 1995.

Moore, C. L., P. Seymoure and J. M. Juraska A Golgi analysis of cell types in the medial
preoptic nucleus. Soc. Neurosci. Abst., 21: 188, 1995,

Seymoure, P., E. E. Robinson, S. Jethani and J. M. Juraska Distance estimation in male and
female hooded rats. Soc. Neurosci. Abst., 21: 124, 1995.

Warren, S. G. and J. M. Juraska Place learning on the Morris water task does not reflect CA1
synaptic density changes across the estrous cycle. Soc. Neurosci. Abst., 21: 1943, 1995.

Seymoure, P. and J. M. Juraska Sex differences in vernier acuity of adult hooded rats.
Investigative Ophthalmology & Visual Science, vol 37(3): $736, 1996.

Juraska, J. M. Participant in NIMH workshop on "The role of hormones in the development of
the central nervous system", June 11 & 12, 1996.

Nufiez, J. L. and J. M. Juraska The effect of neonatal cryoanesthesia on the gross size of the
splenium of the corpus callosum. International Society for Developmental
Psychobiology, Washington, D.C., Nov. 1996.

Juraska, J. M. and J. H. Y. Kim Sex differences in axon withdrawal in the splenium of the rat
corpus callosum. International Society for Developmental Psychobiology, Washington,
D.C., Nov. 1996.

Juraska, J. M. and S. G. Warren Spatial memory decline in aged, non-cycling female rats varies
with the phase of estropause. Soc. Neurosci. Abst., 22: 1387, 1996.

Warren, S. G., E. Robinson, E. J. Chesler and J. M. Juraska Sex and age effects on dendritic
spine density in CA1 of the hippocampus. Soc. Neurosci. Abst., 22: 1387, 1996.

Juraska, J. M. The effects of the rat estrous cycle on the brain and speculation on some effects of
its onset. Presentation at the Nalbandov Symposium, "Evolution and development of
brain centers for learning” Urbana, IL, Nov. 1996.

Juraska, J. M. The role of the environment in sculpting sex differences in the rat brain. Invited
talk at the International Academy of Sex Research meeting, Baton Rouge, LA, July 1997.

Nufiez, J. L., B. Y. Kim, E. E. McFarland and J. M. Juraska Effect of neonatal cryoanesthesia on
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the gross size of the adult rat cortex. Developmental Psychobiology, 32: 157. 1998.

Susarla, S., J. L Nufiez, J. H. Y. Kim and J. M. Juraska Myelination in the splenium of the rat
corpus callosum: adult time course and sex differences. Soc. Neurosci. Abst., 23: 62,
1997.

Nufiez, J. L., B. Y. Kim, E. E. McFarland and J. M. Juraska Effect of neonatal cryoanesthesia on
the gross size of the adult rat cortex. Soc. Neurosci. Abst., 23: 62, 1997.

Juraska, J. M. Ovarian influences on synaptogenesis and functional correlates. Invited
presentation at a conference on "Sex Hormones and Dementia”, sponsored by the John
Douglas French Alzheimer's Foundation, Redondo Beach, CA, Feb. 1998.

Juraska, J. M. Organizer of invited symposium “The cerebral cortex: sex differences in structure
and function and hormonal influence” at 1998 Workshop on Steroid Hormones and Brain
Function, Breckenridge, CO, April 1998.

Juraska, J. M. Sexual dimorphism in the rat visual cortex. Symposium presentation, 1998
Workshop on Steroid Hormones and Brain Function, Breckenridge, CO, April 1998.

Juraska, J. M. Stereology II: Optical and physical disector. Presentation at Workshop on
Quantitative Approaches to the Estimation of Changes in Organs, Tissue, and Cells,
Beckman Institute, May 1998.

Nuifiez, J.L., Koss, W.A., Christopher, A.M. and Juraska, J. M. Neonatal cryoanesthesia affects
hippocampal anatomy and water maze performance in adult male and female rats.
Festschrift for James McGaugh, Center for Neurobiology of Learning and Memory,
Irvine, CA Nov. 1998.

Juraska, J. M,, J. L. Nufiez, W. A. Koss and A. M. Christopher Effect of neonatal cryoanesthesia
in male and female rats on hippocampal anatomy and water maze performance. Soc.
Neurosci. Abst., 24: 177, 1998.

Nuiiez, J. L., D. M. Lauschke, H. L Pach and J. M. Juraska Developmental cell death in
performance posterior cortex of male and female rats. Soc. Neurosci. Abst., 24: 1297,
1998.

Chesler, E. J., E. Walsh and J. M. Juraska The effects of estrogen and progesterone replacement
on Morris water maze. Presentation at Midwest Psychological Association, Chicago, IL,
April 1999,

Nufiez, J. L., D. M. Lauschke, and J. M. Juraska Cell death in the development of the posterior

cortex in male and female rats: potential role in the creation of sex differences. Society
for Behavioral Neuroendocrinology, Charlottesville, VA, June 1999.
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Chesler, E. J. and J. M. Juraska Gonadal hormone replacement effects on spatial reference
memory in ovariectomized rats. Society for Behavioral Neuroendocrinology,
Charlottesville, VA, June 1999.

Juraska, J. M., J.L. Nufiez, J. Sodhi, and H. Jurgens Effect of hormone manipulations upon the
morphology of the primary visual cortex. Presentation at International Society for
Developmental Psychobiology, Coral Gables, FL, Oct 1999.

Nuiiez, J. L., J. Sodhi, and J.M. Juraska Sex and hormone manipulation effects upon the volume
and number of neurons in the rat primary visual cortex. Soc. Neurosci. Abst. 25: 229,
1999,

Briones, T.. P. Shah, J. Juraska and W. T. Greenough Effects of prolonged exposure to and
subsequent removal from a complex environment on corpus callosum myelination in the
adult rat. Soc. Neurosci. Abst., 25: 638, 1999.

Chesler, E. J. and J. M. Juraska Estrogen and progesterone replacement effects on spatial and
nonspatial water maze in ovariectomized rats. Soc. Neurosci. Abst. 25: 2161, 1999.

Park, P.B., J.L. Nufiez, and J.M. Juraska Preliminary light microscopic study of cortical
synapses in the male olive baboon (Papio hamadryas anubis). American Association of
Physical Anthropologists, San Antonio, TX, April 2000.

Juraska, J. M. Estrogen and cognition, participant in symposium, Workshop on steroid
Hormones and Brain Function, Breckenridge, CO, April 2000.

Chesler, E.J., J. S. Mogil, S. G. Wilson, J. M. Juraska and W. F. Stermberg Genotypic influences
on sex differences in thermal nociception and morphine antinociception in rodents.
International Behavioral Neuroscience Society, Denver, CO, April 2000.

Juraska, J. M. and J. A. Markham Dramatic decreases in spine density in aged medial prefrontal
cortex are not ameliorated by ovarian steroids. International Behavioral Neuroscience
Society, Denver, CO, April 2000.

Juraska, J. M. Sex differences and neural plasticity. Invited speaker in symposium on Gender
differences in brain development: role of psychoactive substances, 24" annual meeting of
the Neurobehavioral Teratology Society, Palm Beach, FL, June 2000.

DonCarlos, L. L., J. L. Nuiiez, C. Huppenbauer, M. D. McAbee and J. M. Juraska Androgen
receptor expression in the developing male and female rat cerebral cortex. Soc. Neurosci.

Abst., 26: 592, 2000.

Nufiez, J. L., H. A. Jurgens, J. Sodhi and J. M. Juraska Late organizational effects of
gonadectomy in females, but not males, on neuron number in the rat primary visual
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cortex. Soc. Neurosci. Abst., 26: 592, 2000.

Park, P.B., J.L. Nufiez, and J.M. Juraska Investigation of heterochronic volumetric development
in three neocortical regions of the olive baboon (Papio hamadryas anubis). Soc.
Neurosci. Abst., 26: 1609, 2000.

Pych, J. C., J. A. Markham and J. M. Juraska Chronic replacement of ovarian steroids to aged

female rats improves performance on the Morris water maze. Soc. Neurosci. Abst., 26:
1745.

Markham, J. C. and J. M Juraska Dramatic decreases in spine density in aged medial prefrontal
cortex are not ameliorated by ovarian steroids. Soc. Neurosci. Abst., 26: 2336, 2000.
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DEPARTMENT OF NEUROBIOLOGY FACULTY

Pat Levitt, Ph.D.

Lab Research

Dr. Levitt’s laboratory investigates the molecular and cellular mechanisms that regulate the
assembly of brain circuitry during development, focusing on the cerebral cortex and regions
of the limbic system. The laboratory addresses long-standing issues, such as the control of
cell fate, molecular mechanisms of axon-target recognition and cell-cell interactions that are
required for growth, differentiation and survival of neurons. They analyze growth factors that
are involved in controlling cell phenotype, including a focus on the EGF/heregulin family of
ligands and related receptors. Mechanisms of axon targeting are explored through
examination of the regulation of cell surface adhesive proteins (CAMs). Cloning and
isolation of novel genes, expressed on functionally-related neurons, allow us to perturb
specific aspects of development. Technical approaches include gene cloning, protein
biochemistry, cell and explant culture, brain transplants, and structural analysis of
developmental defects induced through molecular genetic and direct experimental
manipulations.

They also investigate the role of neurotransmitters in controlling differentiation of individual
neurons, and the response of developing neurons to injury. The effects of in utero exposure
to drugs of abuse, which modify neurotransmitter and receptor activities, are examined from
basic developmental and cellular perspectives. Studies following brain injury in the
developing brain include immunochemical assays to understand the molecular signaling that
controls neuroimmune interactions. Future studies in the laboratory will continue to focus
upon fundamental issues of developmental neurobiology, with the adaptation of anatomical,
biochemical, cellular and molecular methods.

Rotation Opportunities

Circuit formation in the developing brain requires differential expression of genes that
mediate axon pathfinding, targeting and synapse formation. In the cerebral cortex, this
involves formation of connections that are likely to be important in neuropsychiatric
disorders with a developmental etiology. There are several projects that relate to this central
laboratory theme:

1) We use single cell PCR to establish cDNA libraries for screening differential gene
expression in identified populations of pyramidal and interneurons in the frontal cortex.

2) The development of functional cortical areas is being investigated in model culture

systems in which the actions of growth factor and receptor signaling are tested on isolated
progenitor cells.
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) Growth of early axon pathways involved in emotion, memory and learning in rats and in
normal and knockout mice are being examined using dye labeling and virus tracers.

4) We are injecting very early embryos with reagents to perturb cortical development, using
ultrasound imaging and 5) we are examining developing dopamine systems and cortex in a
rabbit animal model of prenatal cocaine exposure.

Techniques

gene cloning, sequencing, PCR, library construction and related techniques
gene knockout and transgenic mice production and analysis

AU AL LAY 122255 PR

fetal surgery

neuroanatomical circuit analysis using tracing methods

in situ hybridization and immunocytochemistry

computer morphometry to assay neuronal growth and differentiation

Representative Publications

Levitt, P., Harvey, ].A., Friedman, E., Simansky, K. and Murphy, E.H. 1997. New Evidence
for neurotransmitter influences on brain development. Trends in Neurosci. 20:269-274.

Levitt, P., Barbe, M.F. and Eagleson, K.E. 1997. Patterning and Specification of the Cerebral
Cortex. Ann. Rev. Neurosci. 20:1-24.

Eagleson, K.L., Lillien, L., Chan, A., and Levitt, P. 1997. Mechanisms specifying area fate in
cortex include cell cycle-dependent decisions and the capacity of progenitors to express
phenotype memory.

Gao, P.-P., Yue, Y., Zhang, J.-H., Cerretti, D.P., Levitt, P. and Zhou, R. Regulation of
thalamic neurite outgrowth by the Eph ligand ephrin-A-5: Implications in the development of
thalamocortical projections. Proc. Natl. Acad. Sci. USA 95: 5329-5334, 1998.

Contact

Dr. Pat Levitt, plevitt+@pitt.edu, editorjn+@pitt.edu.
Department of Neuroblology

BST E1446

University of Pittsburgh, School of Medicine
Pittsburgh, PA 15261

Phone: (412) 383-7187, 383-8910

100

-



Biographical sketch of faculty
Pat R. Levitt

Education/Training

University of Chicago, Biological
Chicago Sciences

University of
California, San Diego

1975 B.A.

1978 Neurosciences Ph.D.

Research Professional Experience

1975-  Predoctoral
78 Fellow

1978 Research Department of Physiological & Pharmacological Sciences, Univ. of
Associate  Chicago, Chicago, IL. A. Heller, B. Garber, (6 months)

1979-  Postdoctoral Section of Neuroanatomy, Yale Univ. School of Medicine, New

81 Fellow Haven, CT. P. Rakic sponsor

1981-  Assistant Section of Neuroanatomy, Yale Univ. School of Medicine, New

82 Professor Haven, CT

1982-  Assistant Department of Anatomy, The Medical College of Pennsylvania,

86 Professor Philadelphia, PA

1986- Associate Department of Anatomy, The Medical College of Pennsylvania,
89 Professor Philadelphia, PA

Department of Neurosciences, University of California San Diego

1989- Professor  ¢partment of Anatomy & Neurobiology, The Medical College of
93 Pennsylvania, Philadelphia, PA

1993- Profes Department of Neuroscience and Cell Biology, UMDNIJ-Robert
96 sor Wood Johnson Medical School, Piscataway, NJ

Chariman, Department of Neurobiology, University of Pittsburgh
School of Medicine, Pittsburgh, PA

Center for Neuroscience, University of Pittsburgh, School of
Medicine, Pittsburgh, PA

1996 - Professor

1996- Co-Director

Extramural:

1986-88 Reéular Panel Member, NSF Developmental Neurobiology Study Section

Course Co-Director Cold Spring Harbor Laboratory Summer Course: Molecular
Probes of the Nervous System.

1990-94  Regular Panel Member, Neuro B1 Study Section, NIH
1990-97  Associate Editor, Joural of Neuroscience

1997-
present

1987-90

Reviewing Editor, Journal of Neuroscience




;)2398;“ Associate Editor, Perspectives on Developmental Neurobiology
}1)1951;“ Associate Editor, Neuron

1995- ) o .

present Advisory Board, Biological Psychiatry

1994- ) _ .

present Society for Neuroscience, Program Committee

1996-97  Society for Neuroscience, Council
Awards

1989-99  NIMH, MERIT Award

1995-96 NARSAD Established Investigator Award

1988-89  Scottish Rite Schizophrenia Foundation Investigator Award
1985-88  Klingenstein Foundation Fellowship July

1983-85  National Downs Syndrome Society Scholar Award

1982-85  Alfred P. Sloan Research Fellow

1979-81  National Institutes of Health NINCDS Postdoctoral Fellowship

Selected of Publications(4/ of 85)

1. Levitt, P. A monocional antibody to limbic system neurons. Science 223: 299-301,
1984.

2. Horton, H.L. and Levitt, P. A unique membrane protein is expressed on early
developing limbic system axons and cortical targets. J. Neurosci. 8: 4653-4661, 1988.

3. Keller, F., Rimvall, K., Barbe, M.F. and Levitt, P. A membrane glycoprotein
associated with the limbic system mediates the formation of the septo-hippocampal
pathway in vitro. Neuron 3:551-561, 1989.

4. Zacco, A., Cooper, V., Chantler, P.D., Hyland-Fisher, S., Horton, H.L. and Levitt, P.
Isolation, biochemical characterization and ultrastructural analysis of the limbic system-
associated membrane protein (LAMP), a protein expressed by neurons comprising
functional neural circutis. J. Neurosci. 10: 73-90, 1990.

5. Pennypacker, K.P., Fischer, 1. and Levitt, P. Early in vitro genesis and differentiation
of axons and dendrites by hippocampal neurons analyzed quantitatively, with
neurofilament-H and microtubule-associated protein 2 antibodies. Exp. Neurol., 111: 25-
35, 1991.

6. Chesselet, M.-F., Gonzalesz, C. and Levitt, P. Heterogeneous distribution of the
limbic system-associated membrane protein (LAMP) in the caudate nucleus and
substantia nigra of the cat. Neurosci., 40: 725-733, 1990.
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7. Barbe, MLF. and Levitt, P. The early committment of fetal neurons to limbic cortex. J.
Neurosci. 11:519-533, 1991,

8. Rinaman, L. and Levitt, P. Access to gastric tissue promotes the survival of
axotomized neurons in the dorsal motor nucleus of the vagus in neonatal rats. J. Comp.
Neurol., 313: 213-226, 1991

9. Milligan, C.E., Levitt, P. and Cunningham, T.J. Brain macrophages and microglia
respond differently to lesions of the developing and adult visual system. J. Comp.
Neurol. 314: 136-146, 1991.

10. Barbe, M.F. and Levitt, P. Attraction of specific thalamic input by cerebral grafts
depends on the molecular identity of the implant. Proc. Nat'l. Acad. Sci. (USA) 89: 3706-
3710, 1992.

11. Miller, M., Bower, E., Levitt, P., Li, D. and Chantler, P.D. Myosin II distribution in
neurons is consistent with a role in growth cone motility but not synaptic vesicle
mobilization. Neuron 8: 25-44, 1992.

12. Qian, J. and Levitt, P. Target-derived astroglia regulates axonal growth in a region-
specific manner in vitro. Dev. Biol., 149:278-294, 1992.

13, Silver, J., Edwards, M., Levitt, P. Inmunocytochemical demonstration of early
appearing astroglial structures that form boundaries and pathways along axon tracts in
the fetal brain. J. Comp. Neurol., 328: 415-436, 1993.

14, Prouty, S. and Levitt, P. Inmunocytochemical analysis of a novel carbohydrate
differentiation antigen (CDA-3C2) associated with olfactory and optic systems during
embryogenesis in the rat. J. Comp. Neurol. 332: 444-470, 1993.

15. Levitt, P, Ferri, R.T. and Barbe, M.F. Progressive acquisition of cortical phenotypes
as a mechanism for specifying the developing cerebral cortex. Perspect. Dev. Neurobiol.
1: 65-74, 1993.

16. Ferri, R.T. and Levitt, P. Cerebral cortical progenitors are fated to produce region-
specific neuronal populations. Cerebral Cortex, 3: 187-198, 1993.

17. Hockfield, S., Carlson, S., Evans, C., Levitt, P., Pinter, J. and Silberstein, L.
Molecular Probes of the Nervous System. Cold Spring Harbor Press, New York, 1994.

18. Qian, J., Wang, H.-Y., Fischer, 1., Friedman, E. and Levitt, P. The involvement of
protein kinase C in axonal growth-promoting effect on spinal cord neurons by target-
derived astrocytes. J. Neurobiol., 25: 1593-1612, 1994,

19. Barbe, M.F. and Levitt, P. Age-dependent specification of the cortico-cortical
connections of cerebral grafts. J. Neurosci. 15: 1819-1834, 1995.

20. Zhukareva, V. and Levitt, P. The limbic system-associated membrane protein
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(LAMP) selectively mediates interactions with specific central neuron populations.
Development 121: 1161-1172, 1995.

21. Ferri, R.T. and Levitt, P. Regulation of retgional differences in the differentiation of
cerebral cortical neurons by EGF family-matrix interactions. Development 121: 1151-
1160. 1995.

22. Milligan, C.E., Webster, L., Piros, E.T., Evans, C., Cunningham, T.J. and Levitt, P.
Induction of opiate receptor-mediated macrophage chemotactic activity following
neonatal brain injury. J. Immunol. 154: 6571-6581, 1995.

23. Pimenta, A., Zhukareva, V., Barbe, M.F., Reinoso, B., Grimley, C., Henzel, W.,
Fischer, I. and Levitt, P. The limbic system-associated membrane protein is an ig
superfamily member that mediates selective neuronal growth and axon targeting. Neuron
14: 1-15, 1995.

24. Eagleson, K.L., Ferri, R.T., Levitt, P. Complementary distribution of collagen type
IV and the epidermal growth factor receptor in the embryonic telencephalon. Cereb.
Cortex 6: 540-549, 1996.

25. Pimenta, A., Fischer, 1. and Levitt, P. Molecular cloning and structural analysis of the
human limbic system associated membrane protein (LAMP). Gene 170: 189-195, 1996.

26. Ferri, R.T., Eagelson, K. and Levitt, P. Environmental signals influence a cortical
areal phenotype in vitro independent of effects on progenitor cell proliferation. Dev.
Biol. 175: 184-190 1996.

27. Smigrodzki, R. and Levitt, Pat. The subunit of soluble guanylyl cyclase is expressed
prenatally in the rat brain. Dev. Brain Res. 97: 226-234, 1996.

28. Levitt, P., Eagleson, K.L., Chan, A.V., Ferri, R.T. and Lillien, L. Signaling pathways
that regulate specification of neurons in developing cerebral cortex. Dev. Neurosci. 19: i
6-8, 1996. .

29. Levitt, P., Barbe, M.F. and Eagleson, K.L. Patterning and specification of the
cerebral cortex. Ann. Rev. Neurosci. 20: 1-124, 1997.

30. Levitt, P., Harvey, J.A., Eitan Friedman, E., Simansky, F. and Murphy, E.H. New
evidence for neurotransmitter influences on brain development. TINS 20: 269-274, 1997. .

31. Eagleson, K.L., Lillien, L., Chan, A.V. and Levitt, P. Mechanisms specifying area
fate in cortex include cell-cycle-dependent decisions and the capacity of progenitors to
express phenotype memory. Development 124: 1623-1630, 1997. f

32. Levitt, P., Harvey, John A., Friedman, E. and Murphy E. H. New evidence for
neurotransmitter influences on brain development. TINS 20: 269-274-1997. Publications
(cont.)

33. Burrows, R.C., Wancio, D., Levitt, P. and Lillien, L. Response diversity and the
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timing of progenitor cell maturation are regulated by developmental changes in EGF-R
expression in the cortex. Neuron 19: 251-267, 1997.

34. Murphy, Hazel, E., ltzhak, F., Friedman. E., Grayson, D., Jones, L., Levitt, P.,
O'Brien-Jenkins, A., Wang, H.-Y. and Wang, X.-H. Cocaine administration in pregnant
rabbits alters cortical structure and function in their progeny in the absence of maternal
seizures. Exp. Brain Res. 114: 433-441, 1997.

35. Zukareva, V., Chernevskaya, N., Pimenta, A., Nowycky, M. and Levitt, P. Limbic
system-associated membrane protein (LAMP) induces neurite outgrowth and
intracellular Ca2+ increase in primary fetal neurons. Molec. and Cell. Neurosci. 10: 43-
55, 1997.

36. Zhang, J-H., Pimenta, A F., Levitt, P. and Zhou, R. Dynamic expression suggests
multiple roles of the eph family receptor brain-specific (Bsk) during mouse neurogenesis.
Molec. Brain Res. 47: 202-214, 1997,

37. Zhang, B., Levitt, P. and Murray, M. Induction of presynaptic re-expression of an
adhesion protein in lamina II after dorsal root deafferentation in adult rat spinal cord.
Exp. Neurol. 149: 468-472, 1998

38. Gao, P.-P., Yue, Y., Zhang, J.-H., Cerretti, D.P., Levitt, P. and Zhou, R. Regulation
of thalamic neurite outgrowth by the Eph ligand ephrin-A-5: Implications in the
development of thalamocortical projections. Proc. Nat. Acad. Sci. 95: 5329-5334, 1998.

39. Card, J.P., Levitt, P. and Enquist, L.W. Different patterns of neuronal injection after
intracerebral injections of two strains of pseudorabies virus. J. Virol. 72: 4434-4441,
1998.

40. Pimenta, A.F., Tsui, L.-C., Heng, H.H.Q. and Levitt, P. Assignment of the gene
encoding the limbic system- associated membrane protein (LAMP) to mouse
chromosome 16B5 and human Chromosome 3 q13.2-qg21. Genomics 49: 472-474, 1998.

41. Schnabel, C.A., Moticka, J.A., Wang, H., Yang, L., Eagleson, K.L., Chan, J., Pickel,
V.M. Levitt, P., Schenn, M.M. and Abate-Shen, C. Localization of Hox A7 to axons
during neural development. Dev. Biol. (under review).

Back to Dr. Levitt's Homepage
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Wahlsten, D. The intelligence of heritability. Canadian Psychology. 1994, 35, 244-258.
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Wahlsten, D. Nascent doubts may presage conceptual clarity. Canadian Psychology, 1994, 35,
265-267 (reply to commentary by M.K. Surbey).

Wahisten, D. Probability and the understanding of individual differences. In J. Brzezinski (Ed.),
Probability in theory-building. Amsterdam: RODOPI, 1994, 39, pp. 47-60.

Wahlsten, D., and Schalomon, P.M. A new hybrid mouse model for agenesis of the corpus
callosum. Behavioral Brain Research, 1994, 64, 111-117.

1993

Wahlsten, D. Sociobiology flops again. Behavioral and Brain Sciences 1993, 16, 310.

Wahlsten, D. Sample size requirements for the Capron and Duyme balanced fostering study of
1.Q. International Journal of Psychology, 1993, 28, 509-516.

Ozaki, H.S., and Wahisten, D. Cortical axon trajectories and growth cone morphologies in
fetuses of acallosal mouse strains. Journal of Comparative Neurology, 1993, 336, 595-604.

1992

Lipp, H.P., and Wahlsten, D. Absence of the corpus callosum. In Driscoll, P. (Ed.), Genetically-
Defined Animal Models of neurobehavioral Dysfunction. Birkhzuser-Boston, 1992, pp. 217-
252.

Lassalle, J.M., and Wahlsten, D. Behavioral paradigms: General procedures and spatial
memory. In: D. Goldowitz, D. Wahlsten and R.E. Wimer (Eds.), Technigues for the Generic
Analysis of Brain and Behavior: Focus on the Mouse. Amsterdam: Elsevier, 1992, pp. 391-406.

Wahisten, D. The problem of test reliability in genetic studies of brain-behavior correlation. In:
D. Goldowitz, D. Wahlsten and R.E. Wimer (Eds.), Techniques for the Genetic Analysis of Brain
and Behavior: Focus on the Mouse. Amsterdam: Elsevier, 1992, pp. 407-422.

Goldowitz, D., Wahlsten, D., and Wimer, R.E. (Eds.), Techniques for the Genetic Analysis of
Brain and Behavior: Focus on the Mouse. Amsterdam: Elsevier, 1992.

Wahlsten, D. Betwixt gene and behavior. Behavior Genetics, 1992, 22, 1.1-14,

Wabhisten, D., Ozaki, H.S., and Livy, D. Deficient corpus callosum in hybrids between ddN and
three other abnormal mouse strains. Neuroscience Letters, 1992, 136, 99-101.

Ozaki, H.S., and Wahlsten, D. Prenatal formation of the normal mouse corpus callosum: A
quantitative study with carbocyanine dyes. Journal of Comparative Neurology, 1992, 323; 81-90.

1991
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Bulman-Fleming, B., Wahisten, D., and Lassalle, J.M. Hybrid vigour and maternal environment
in mice. I. Body and brain growth. Behavioural Processes, 1991, 23, 21-33 .

Lassalle, J.M., Bulman-Fleming, B., and Wahlsten, D. Hybrid vigour and maternal environment
in mice. II. Water escape learning, open field activity and spatial memory. Behavioural
Processes, 1991, 23, 35-43.

Wahlsten, D., Lassalle, J.M., and Bulman-Fleming, B. Hybrid vigour and maternal environment
in mice. III. Hippocampal mossy fibres and behaviour. Behavioural Processes, 1991, 23, 47-57.

Livy, D.J., and Wahlsten, D. Tests of genetic allelism between four inbred mouse strains with
absent corpus callosum. Journal of Heredity, 1991, 82, 459-464.

Wahlsten, D. Sample size to detect a planned contrast and a one degree-of-freedom interaction
effect. Psychological Bulletin, 1991, 110, 587-595.

Wahlsten, D., and Andison, M. Patterns of cerebellar foliation in recombinant inbred mice.
Brain Research, 1991, 557, 184-189.

Bulman-Fleming, B., and Wahlsten, D. The effects of intrauterine position on the degree of
corpus callosum deficiency in two substrains of BALB/c mice. Developmental Psychobiology,
1991, 24, 395-412.

1990

Wahlsten, D. Insensitivity of the analysis of variance to heredity-environment interaction.
Behavioral and Brain Sciences, 1990, 13, 109-120. (Target article)

Wabhlisten, D. Goals and methods: The study of development versus partitioning of variance.
Behavioral and Brain Sciences, 1990, 13, 146-161. (Reply to commentators)

Cassells, B., Collins, R.L., and Wahlsten, D. Path analysis of sex difference, forebrain
commissure area and brain size in relation to degree of laterality in selectively bred mice. Brain
Research, 1990, 529, 50-56.

Wabhlsten, D. The objectives of human behavior genetics. Cahiers de Psychologie Cognitive,
1990, 10, 696-703.

1989

Wahlsten, D., and Smith, G. Inheritance of retarded forebrain commissure development in fetal
mice: Results from classical crosses and recombinant inbred strains. Journal of Heredity, 1989,
80, 11-16.

Wabhlsten, D. Deficiency of the corpus callosum: Incomplete penetrance and substrain
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differentiation in BALB/c mice. Journal of Neurogenetics, 1989, 5. 61-76.

Wahlsten, D. Genetic and developmental defects of the mouse corpus callosum. Experientia,
1989, 45, 828-838.

Wahlsten, D. Science or prejudice? Behavioral and Brain Sciences, 1989, 12, 546-547.
(Commentary on paper by J. P. Rushton)

Wainwright, P., Pelkman, C., and Wahlsten, D. The relationship between nutritional effects on
preweaning growth and behavioral development in mice. Developmental Psychobiology, 1989,
22, 183-195.

1988

Lyons, J.P., and Wahlsten, D. Postnatal development of brain and behavior of shaker short-tail
mice. Behavior Genetics, 1988, 18, 35-53.

Bulman-Fleming, B., and Wahlsten, D. Effects of a hybrid maternal environment on brain
growth and corpus callosum defects of inbred BALB/c mice: A study using ovarian grafting.
Experimental Neurology, 1988, 99, 636-646.

Wahlsten, D. Bias and sampling error in sex differences research. Behavioral and Brain
Sciences, 1988, 11, 214. (Commentary on paper by C.P. Benbow.)

1987

Wahlsten, D., Blom, K., Stefanescu, R., Conover, K., and Cake, H. Lasting effects on mouse
brain growth of 24 hr postpartum deprivation. International Journal of Developmental
Neuroscience, 1987, 5, 71-75.

Wahlsten, D. Defects of the fetal forebrain in mice with hereditary agenesis of the corpus
callosum. Journal of Comparative Neurology, 1987, 262, 227-241.

Wahlsten, D., and Bulman-Fleming, B. The magnitudes of litter size and sex effects on brain
growth of BALB/c mice. Growth, 1987, 51, 240-248.

1984
Wahisten, D. Each behavior is a product of heredity and experience. Behavioral and Brain
Sciences, 1984, 7, 699-700. (Commentary on paper by B.F. Skinner.)

Wahlsten, D. Growth of the mouse corpus callosum. Developmental Brain Research, 1984, 15,
59-67.

Wahisten. D. Heredity and development of the nervous system. XXIII International Congress of
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Psychology Abstracts, 1984, Vol. L, p. 14.

1983

Wahisten, D. Maternal effects on mouse brain weight. Developmental Brain Research, 1983, 9,
215-221.

Wabhlsten, D., Lyons, J.P., and Zagaja, W. Shaker short-tail, a spontaneous neurological mutant
in the mouse. Journal of Heredity, 1983, 74, 421-425.

1982

Wabhlsten, D. Deficiency of corpus callosum varies with strain and supplier of the mice. Brain
Research, 1982, 239, 329-347.

Wahisten, D. Review of "Intelligence, Heredity and Environment" by Philip Vernon and "The
1Q Game" by Howard Taylor. Canadian Journal of Psychology, 1982, 35, 361-362.

Wahlsten, D. Mode of inheritance of deficient corpus callosum in mice. Journal of Heredity,
1982, 73, 281-285.

Wabhlsten, D. Genes with incomplete penetrance and the analysis of brain development. Inl.
Lieblich (Ed.) Genetics of the Brain. Amsterdam: Elsevier, 1982, pp.367-391.

Silver, J. Lorenz, S.E., Wahisten, D., and Coughlin, J. Axonal guidance during development of
the great cerebral commissures: Descriptive and experimental studies, in vivo, on the role of
preformed glial pathways. Journal of Comparative Neurology, 1982, 210, 10-29.

Wahlsten, D. Mice in utero while their mother is lactating suffer higher frequency of deficient
corpus callosum. Developmental Brain Research, 1982, 5, 354-357.

1981

Wahlsten, D. Indeterminacy is inherent in an inadequate model of evolution, not in nature.
Behavioral and Brain Sciences, 1981, 4, 255-257. (Commentary on paper by Plotkin and
Odling-Smee.)

Wahlsten, D. Pre-natal schedule of appearance of mouse brain commissures. Developmental
Brain Research, 1981, 1, 461-473.

Wahlsten, D. Review of "The IQ Game" by Howard Taylor. Behaviorists for Social Action
Journal, 1981, 3, 33-34.

1980
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Wabhlsten, D. Review of Fuller and Thompson's "Foundations of Behavior Genetics." Canadian
Journal of Psychology, 1980, 33, 281-284.

Wahlsten, D. Race, the heritability of 1Q, and the intellectual scale of nature. Behavioral and
Brain Sciences, 1980, 3, 358-359. (Commentary on book by A. Jensen.)

Wahlsten, D. A systems approach to the understanding of heredity, brain and behavior.
Behavior Genetics, 1980, 10, 500 (abstr.).

1979

Wabhlsten, D. A critique of the concepts of heritability and heredity in behavioral genetics. In
J.R. Royce and L. Mos (Eds.), Theoretical Advances in Behavioral Genetics. Alphen aan den
Rijn, The Netherlands: Sijthoff and Noordhoff, 1979, 425-481.

Wabhlsten, D. Some logical fallacies in the classical ethological point of view. Behavioral and
Brain Sciences, 1979, 2, 48-49. (Commentary on paper by . Eibl-Eibesfeldt.)

Wabhlsten, D., and Anisman, H. A note on the Roman and Tryon selected lines of rats. Behavior
Genetics, 1979, 9, 325-326. (Letter in reply to letter by P. Broadhurst.)

1978

Wabhlsten, D. Behavioral genetics and animal learning. In H. Anisman and G. Bignami (Eds.),
Psychopharmacology of Aversively Motivated Behaviors. New York: Plenum, 1978, 63-118.

1977

Wahlsten, D. Heredity and brain structure. In. A. Oliverio (Ed.), Genetics, Environment and
Intelligence. Amsterdam: Elsevier, 1977, 93-115.

Wabhlsten, D., and Wainwright, P. Application of a morphological time scale to hereditary
differences in prenatal mouse development. Journal of Embryology and Experimental
Morphology, 1977, 42, 79-92.

Jones, G.B., Wahlsten, D., and Blom, G. A precision stereotaxic procedure for the mouse (Mus
musculus): Method and instrumentation. Physiology and Behavior, 1977, 19, 445-448.

1976

Wahlsten, D., and Anisman, H. Shock-induced activity changes, adrenal lipid depletion and
brain weight in mice: A genetic study. Physiology and Behavior, 1976, 16, 401-406.

1975
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Wahlsten, D. Genetic variation in the development of mouse brain and behavior: Evidence from
the middle postnatal period. Developmental Psychobiology, 1975, 8§, 371-380.

Anisman, H., Wahlsten, D., and Kokkinidis, L. Effects of d-amphetamine and scopolamine on
activity before and after shock in three mouse strains. Pharmacology, Biochemistry and
Behavior, 1975, 3, 819-824.

Wahisten, D., Hudspeth, W.J., and Bernhardt, K. Implications of genetic variation in mouse
brain structure for electrode placement by stereotaxic surgery. Journal of Comparative
Neurology, 1975, 162, 519-532.

1974

Wahlsten, D. Heritable aspects of anomalous myelinated fibre tracts in the forebrain of the
laboratory mouse. Brain Research, 1974, 68, 1-18.

Anisman, H., and Wahlsten, D. Response initiation and directionality as factors influencing
avoidance performance. Journal of Comparative and Physiological Psychology, 1974, 87,
1119-1128.

Padeh, B., Wahlsten, D., and De Fries, J.C. Operant discrimination learning and operant
bar-pressing rates in inbred and heterogeneous laboratory mice. Behavior Genetics, 1974, 4,
383-393.

Wahlsten, D. A developmental time scale for postnatal changes in brain and behavior of B6D2F,
mice. Brain Research, 1974, 72, 251-264.

Griffiths, D., and Wahlsten, D. Interacting effects of handling and d-amphetamine on avoidance
learning. Pharmacology, Biochemistry and Behavior, 1974, 2, 439-441.

1973

Wahlsten, D. Contributions of the genes albinism (c) and retinal degeneration (rd) to a
strain-by-training procedures interaction in avoidance learning. Behavior Genetics, 1973, 3,
303-316.

1972

Wahlsten, D., and Cole, M. Classical and avoidance training of leg flexion in the dog. In A.H.
Black and W .F. Prokasy (Eds.), Classical Conditioning II. New York: Appleton-Century- Crofts,
1972, 379-408.

Wahlsten, D. Phenotypic and genetic relations between initial response to electric shock and rate
of avoidance learning in mice. Behavior Genetics, 1972, 2, 211-240.
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Wahlsten. D. Genetic experiments with animal learning: A critical review. Behavioral Biology,
1972, 7, 143-182.

1969

Wahlsten, D., and Sharp, D. Improvement of shuttle avoidance by handling during the intertrial
interval. Journal of Comparative and Physiological Psychology, 1969, 67, 252-259.

1968

Wahisten, D., Cole, M., Sharp, D., and Fantino, E. Facilitation or bar-press avoidance by
handling during the intertrial interval. Journal of Comparative and Physiological Psychology,
1968, 65, 170-175.

Cole, M., and Wahlsten, D. Response-contingent CS termination as a factor in avoidance
conditioning. Psychonomic Science, 1968, 12, 15-16.

Freckleton, W.C., and Wahlsten, D. Carbon dioxide-induced amnesia in the cockroach,
Periplaneta americana. Psychonomic Science, 1968, 12, 179-180.

1967

Wabhlsten, D., Cole, M., and Fantino, E. Is a stimulus associated with the escape from shock a
positive or negative reinforcer? Study I. Psychonomic Science, 1967, 8, 283-284.

Wabhlsten, D., Cole, M., and Fantino, E. Is a stimulus associated with the escape from shock a
positive or negative reinforcer? Study II. Psychonomic Science, 1967, 8, 285-285.

Invited Presentations:

April, 1973. "Heritable aspects of anomalous myelinated fibre tracts,” Florida State University,
Psychology Department.

June, 1973. "Conceptual and methodological problems in the genetic analysis of motivation and
learning,” invited symposium presentation, Canadian Psychological Association, Victoria, B.C.

November, 1973. "Genetics and development," Institute for Behavioral Genetics, University of
Colorado.

February, 1974. "Genetics and the dynamics of mouse development, "The Jackson Laboratory,
Bar Harbor, Maine.

April, 1974. "Motivational contributions to genetic differences in learning ability,” McGill
University, Psychology Department.
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January, 1975. "Genetics of mouse brain development,” McMaster University, School of
Medicine.

February, 1975. "Demystification of behavioural genetics.” Carleton University, Psychology
Department.

October, 1978. "A critique of the concepts of heredity and heritability in behavioral genetics,"
invited paper, NATO Advanced Study Institute on Theoretical Advances in Behavior Genetics,
Banff, Alberta.

Fall, 1978. Psychology Department, Queen's University.

April, 1979. "Genetics and intelligence," Department of Psychology, University of Quebec at
Trois Rivieres.

August, 1981. "Agenesis of corpus callosum,” Department of Psychology, University of Quebec
at Trois Rivieres.

March, 1982. "Heredity and brain development,” Department of Psychology, University of
Waterloo.

September, 1982. "Hereditary defects of brain development: Agenesis of corpus callosum,”
Zoology Department, University of lowa.

February, 1983. "Racism and science," Institutional Racism Seminar, University of Illinois,
Champaign-Urbana.

February, 1983. "Heredity, brain development and learning ability," Department of Psychology,
University of lllinois, Champaign-Urbana.

March, 1983. "A critique of the heritability coefficient,” Department of Botany, University of
Toronto.

November, 1983. "Prenatal origins of the corpus callosum and its agenesis,” Developmental and
Cellular Neurobiology Seminar, McMaster University.

November, 1983. "Problems of heritability analysis in non-laboratory populations," Population
Biology Seminar, Columbia University, New York.

November, 1983. “Heredity and brain development," Department of Biology, York University.

May, 1984. "Genetics and brain development,” invited symposium address, University of
Waterloo Conference on Child Development. Waterloo. Ontario.

May, 1984. "Can there be effective screening for a multifactorial disorder?," invited symposium
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address, Behavior Genetics Association, Bloomington, Indiana.

June, 1984. "Do genes determine brain structure?," Department of Chemistry, University of
Guelph.

September, 1984. "Heredity and development of the nervous system," invited symposium
address, XXIII International Congress of Psychology, Acapulco, Mexico.

February, 1985. "Critique of recent genetic theories of human behavioral development,”
Developmental seminar, Department of Psychology, Brock University.

November, 1985. Keynote speaker, symposium on "Racism and academic freedom," University
of Western Ontario.

April, 1987. "Biological aspects of social behaviour," invited symposium address, Canadian
Society for the History and Philosophy of Science, Guelph, Ontario.

November, 1987. "Motivation and associative learning ability: Are these genetically
independent processes?" Invited symposium presentation, Psychonomic Society, Seattle.

December, 1987. "Agenesis of the corpus callosum: The congenital split brain mouse,"
Department of Psychology, University of Connecticut, Storrs.

August, 1988. "Screening for genetic variants affecting corpus callosum in mice.” Invited
workshop address, International Congress of Genetics, Toronto.

January, 1989. 1) "Current trends in behavior genetics." 2) "Insensitivity of the analysis of
variance to heredity-environment interaction.” 3) "Is there a genetic program for development?”

Centre for Advanced Study in Theoretical Psychology, University of Alberta.

January, 1989. "Randomness in prenatal brain development,” Division of Neurosciences,
Unitversity of Alberta.

January, 1989. "The rate of organismic development: Measurement, control and significance,"
Department of Zoology, University of Alberta.

January, 1989. "Is there an innate kernel of inborn capacities?" Developmental Psychology
group, University of Alberta.

March, 1989. "Limitations of genetic explanation in education," Department of Educational
Foundations, University of Alberta.

March, 1989. "Emergent properties of interacting systems," Department of Sociology, University
of Alberta.
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June, 1990. "Behavioral consequences of absent corpus callosum in inbred mice," invited
symposium presentation, Behavior Genetics Association, Aussios, France .

November, 1990. "Three sources of individual differences", Department of Psychological
Sciences, Purdue University.

February, 1991. Invited presentation at symposium on "What is wrong with race research?"”
sponsored by African Students Association, University of Western Ontario.

April, 1991. "Molecular biology requires a reformulation of the nature-nurture question in
developmental psychology," invited symposium presentation, Society for Research on Child
Development, Seattle.

August, 1991. "Defects of the fetal forebrain in acallosal mice," invited presentation at the
IBRO Satellite Symposium on Callosal Agenesis, Quebec City.

August, 1991. "Genetic aspects of callosal development,” invited presentation at the Second
Dartmouth International Conference on the Corpus Callosum and Epilepsy, Hanover, New
Hampshire.

September, 1991. "Randomness in prenatal brain development”, Medical Genetics Research
Group, Alberta Children's Hospital, Calgary.

October, 1991. "Congenital split brain mice”, Department of Psychology, University of
Lethbridge.

November, 1991. "The Intelligence of Heritability", Invited keynote address, Joseph R. Royce
Research Conference, Department of Psychology, University of Alberta.

July, 1992. "Developmental genetics of absent corpus callosum," invited presentation,
International Congress of Psychology satellite meeting on Corpus Callosum and Interhemispheric
Transfer, Turnhout, Belgium.

October, 1992. "Gene-associated random variability in brain development." Invited symposium
address at the Jacques Monod Conference on Genetics, Neurogenetics and Behavior. Aussois,

France.

February, 1993. "Genetic and developmental studies of absent corpus callosum". Division of
Neuroscience Seminar, University of Alberta.

April, 1993. "The Intelligence of Heritability", Department of Psychology, University of North
Carolina, Greensboro.

May, 1993. "Genetics of absent corpus callosum." Genetics rounds, Division of Medical
Genetics, Department of Pediatrics, University of Alberta.
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November, 1993. "Behavioral genetics as radical reductionism.”" Invited symposium address,
International Society for Developmental Psychobiology, Alexandria, Virginia.

March, 1994. "Congenital split brain mice: genes and randomness." Invited seminar, Laboratoire
d'Ethologie et Psychologie Animale, Université Paul Sabatier, Toulouse, France.

March, 1994. "Single gene effects and brain-behavior correlation.” Invited symposium address,
CNRS conference on Cognition and Evolution, Ile de Berder, France.

April, 1994. "Standardizing and validating tests of mouse behavior: genetic aspects.” Invited
address at Banbury Center workshop on Genetics of Learning and Memory, Cold Spring Harbor
Laboratory, New York

July, 1994. "Random variability in brain structure and behaviour: A third source of individual
differences.” Invited address, Canadian Psychological Association, Penticton, B.C.

February, 1995. "Some questions about the quantitative trait locus method." Invited symposium
presentation, AAAS annual meeting, Atlanta, Georgia.

February, 1995. "Heredity-environment interaction: a critique." Invited colloquium and
workshop, Center for Developmental Science, University of North Carolina, Chapel Hill.

February, 1995. "The nature-nurture question: some general conclusions.: Invited colloquium,
Department of Psychology, University of Illinois.

February, 1995. "Congenital split brain mice." Invited colloquium, Beckman Institute, University
of Illinois.

June, 1995. "Artifical selection of recombinant inbred strains: a powerful tool for examining
brain-behavior relations.” Invited symposium presentation at Behavior Genetics Association
satellite meeting on Heredity, Nervous System and Behavior. Richmond, Virginia.

June, 1995. Invited participant, workshop on Animal Models of Psychiatric Diseases: to Man
from Mouse. MacArthur Foundation research network on psychopathology and development,
Chicago.

September, 1995. "False alarm raised by the genetic clapper in The Bell Curve." Dept. of
Psychology monthly Psychoquium, University of Alberta.

October, 1995. "Principles of behavioral and neural genetics.” Invited presentation at the Jacques
Monod Conference on Genetics, Neurogenetics and Behavior 11, La Londe-les-Maures, France.

October, 1995. Lectures on "Neurogenetics” and "Testing animal behavior" plus lab on "CNS

histology and morphometry." First French-American Summer School on Neurobehavioral
Genetics, University of Paris and CNRS, Paris, France.
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March, 1996. "Developmental genetic studies of congenital split brain mice." Dept. of Human
Anatomy and Medical Neurobiology, Division of Neuroscience, Texas A&M University.

June, 1996. Lectures on "Neurogenetics" and "Statistical power analysis" at the Second Franco-
American Summer School on Neurogenetics, Pennsylvania State University.

March, 1997. "Sex differences in the human corpus callosum: myth or reality?" Grant MacEwan
College, Edmonton.

September, 1997. Lectures on "Statistics and experimental design" and "Genetic approach to
functional morphology,” Third French-American Summer School on Neurobehavioral Genetics,
CNRS, Orléans, France.

June, 1998. Lectures on "Statistics and experimental design,"” Fourth French-American Summer
School on Neurobehavioral Genetics, Greeley, Colorado.

November, 1998. OMultisite trials and validation issues,[J Brain Research Interactive conference,
San Diego, California.

May, 1999. Mouse Strain Characteristics Database Summit, Bar Harbor, Maine.
June, 1999. [ILarge scale screening for mutations altering mouse behaviour - pitfalls and
prospects.]J Symposium on Behaviour Genetics, Canadian Society for Brain, Behaviour, and

Cognitive Science, Edmonton.

September, 1999. lAbsence of the corpus callosum: Genes, environment and a third source of
developmental errors.[] Oregon Health Sciences University, Portland.

October, 1999. IMouse behavior genetics: interactions with the laboratory environment.[]
National Institute of Mental Health, Rockville, MD.

October, 1999. JAbsent corpus callosum: axon guidance and developmental thresholds.[
Department of Anatomy, University of Wisconsin, Madison.

November, 1999. IBehavior genetics into the 21* century.l Department of Psychology, Florida
State University, Tallahassee.

February, 2000. OStandardizing tests of mouse behaviour: reasons, recommendations and
reality.l] Opening keynote address for 3-day symposium on Behavioural Phenotyping of Mouse

Mutants, University of Cologne, Germany.

May, 2000. IBehavior genetics.[] Third International Institute on Developmental Science, Chapel
Hill, NC.

August, 2000. IBehavioral genetics into the 21 century.[l American Psychological Association,
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invited address to Developmental division, Washington DC.

August, 2000. JLearning lab{] and (Gene x environment interaction.l} Sixth International
Behavioral Neurogenetics Summer School, Portland, OR.

November, 2000. DRandomness in development: a third source of individual differences and
novelty.0 Wiley lecture, International Society for Developmental Psychobiology, New Orleans.

Voluntary conference presentations:

May, 1967. "Is a stimulus associated with escape from shock a positive or negative reinforcer?"
Western Psychological Association, San Francisco (with Michael Cole).

September, 1967. "Description of freezing and avoidance conditioning”, "Classical and
instrumental components of defense conditioning,” Psychonomic Society, Chicago (with Michael
Cole).

May, 1969. "Classical and avoidance training of leg flexion in dogs", invited presentation,
Classical conditioning conference, McMaster University (with Michael Cole).

April, 1973. "Heritable aspects of anomalous myelinated fibre tracts," Behavior Genetics
Association, Chapel Hill, North Carolina.

November, 1973. "Genetic variation in status of postnatal development,” Society for
Neuroscience, San Diego, California.

June, 1974. "Genetics and prenatal development of mouse brain,” Behavior Genetics
Association, Minneapolis, Minnesota.

January, 1975. "Genetic bases of racial differences in IQ,” McMaster University conference on
developmental psychology.

June, 1978. "Hereditary deficiency of corpus callosum in mice: Lack of segregation within a
BALB substrain showing incomplete penetrance," Behavior Genetics Association, Davis,

California.

June, 1979. "Mode of inheritance of deficient corpus callosum in the brains of laboratory mice,"
Behavior Genetics Association, Middletown, Connecticut.

June, 1980. "A systems approach to the understanding of heredity, brain and behavior," Behavior
Genetics Association, Chicago, Illinois.

October, 1981. "Mice in utero while their mother is lactating suffer higher frequency of
defective corpus callosum." Society for Neuroscience, Los Angeles, California.
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April, 1982. "The heritability of behavior viewed in the light of ecological principles," Ontario
Ecology and Ethology Colloquium, University of Guelph.

June, 1982. Symposium on Ethical Issues. "Social equity-philosophical considerations,"
Behavior Genetics Association, Ft. Collins, Colorado.

November, 1982. "Spontaneous occurrence of a mutation causing severe defects of cerebellum
and motor coordination," Society for Neuroscience, Minneapolis, Minnesota (with J.P. Lyons
and W. Zagaja).

June, 1983. "Pre- and postnatal growth of the mouse corpus callosum," Southern Ontario
Neuroscience Association, McMaster University, Hamilton.

July, 1983. "Mouse strains differ in responses to food deprivation," Behavior Genetics
Association, University of London, England.

November, 1983. "Structural changes in the brains of mice with agenesis of corpus callosum,"
Society for Neuroscience, Boston, Massachusetts (with G.B. Jones).

July, 1985. "Anatomy and development of the hippocampus and dentate gyrus in the shaker
short-tail (sst) mutant mouse," American and Canadian Association of Anatomists, Toronto (with
R.S. Nowakowski).

October, 1985. "Defects of the glial sling in mouse fetuses with hereditary absence of corpus
callosum,” Society for Neuroscience, Dallas, Texas.

October, 1985. "Asymmetric development of the hippocampal region in the shaker short-tail
(sst) mutant mouse," Society for Neuroscience, Dallas, Texas (with R.S. Nowakowski).

June, 1986. "Heritable aspects of coordination of axon outgrowth: A genetic analysis of
collision of anterior commissure and columns of the fornix in mouse brain,” Southern Ontario
Neuroscience Association, Guelph, Ontario (with B. Cassells).

November, 1986. "Corpus callosum defects and maternal environment in the BALB/c mouse:
Effects of ovarian grafting," Society for Neuroscience, Washington, D.C. (with B.
Bulman-Fleming).

May, 1987. "Effect of heredity and early environment on brain weight and myelinated forebrain
fibre tracts of laboratory mice," Southern Ontario Neuroscience Association, Toronto (with P.W.
McDonald).

June, 1987. "Three sources of individual differences," theory review, Canadian Psychological
Association, Vancouver.

June, 1987. "Mechanisms of axonal guidance in mouse forebrain: Redundancy and
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competition,” Canadian Psychological Association, Vancouver (with B. Cassells).

June, 1987. "Insensitivity of analysis of variance to heredity-environment interaction,” Behavior
Genetics Association, Minneapolis. Minnesota.

June, 1987. "Vanation in spatial knowledge in Mus musculus: Maternal and genetic effects,”
Behavior Genetics Association, Minneapolis, Minnesota (with ].M. Lassalle and B.
Bulman-Fleming).

November, 1987. "Retarded fetal growth of forebrain commissures in BALB/c mice: Mode of
inheritance,” Society for Neuroscience, New Orleans (with G. Smith).

November, 1987. "Dendritic and axonal abborization of ectopic pyramidal cells in the
hippocampus of the dreher mutant mouse," Society for Neuroscience, New Orleans (with M.
Sekiguchi and R.S. Nowakowski).

November, 1987. "Brain weight and corpus callosum size in mice selected for high and low
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PART 1: CRITIQUE OF THE NEUROMORPHOLOGY STUDIES

Summary

In the original study (Argus 1998) and in the present study
(Primedica 2001) the offspring of female rats exposed to differing doses
of perchlorate in their drinking water during gestation were evaluated on
a number of biological parameters. The corpus callosum (CC), the major
fiber tract connecting the left and right brain hemispheres, was one of
the key neuromorphological targets studied. In both studies animals
exposed to perchiorate during pregnancy had CC values significantly
different from controls. However, there were insufficient samples of the
CC in both studies, and flawed measurement in the second study. Thus, it
is not possible to make any meaningful interpretation of the empirical
findings.

Introduction

In this review | will focus primarily upon the corpus callosum, since
that is the only brain structure that has been examined in both the Argus
1998 and the Primedica 2001 studies, and is a structure with which |
have expert knowledge and experience. In this section | present some
background material on the corpus callosum, followed by several broad
conclusions.

The corpus callosum (CC) is not a “structure” in the same sense as
the kidneys, lungs, brain, gonads, etc. are structures. The CC does not
actively participate in physiological functions. Instead, it is merely a
“bridge” which allows neural processes originating in one brain hemisphere
to cross over to the opposite hemisphere (Wahlsten, 1982). The axons
crossing the CC bridge always originate in cortical areas. None originate in
the CC.

. In most instances homotopic connections are made in the opposite
hemisphere, but occasionally the axons go to heterotopic regions. The
fibers going through the CC roughly follow an anterior-posterior gradient.
Brain regions in the anterior portion of the brain (e.g., prefrontal cortex)
send their processes through the genu of the CC, while fibers from the
occipital cortex course through the splenium; and other cortical regions

occupy intermediate positions along the CC. However, for the rat no one
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has yet determined exactly where fibers from different cortical areas
enter the CC.

Because of these characteristics, there are major advantages and
disadvantages in studying the CC. The disadvantage is that the CC is
extremely heterogeneous, and measurements taken from one portion
cannot be generalized to other parts of the CC. Thus, to “sample” the CC
requires multiple measurements. The advantage is that the CC may be
thought of as a two-dimensional portrayal of the three-dimensional brain,
analogous to the relationship between a map and the terrain it depicts.
As an example, a humber of studies have found that male and female rats
differ significantly in their CC measurements in different regions with the
major differences found in the genu and splenium (Denenberg et al.,
1991; Fitch et al., 1990; Fitch and Denenberg, 1998), thus suggesting
that there are sex differences in the neuroanatomy of the prefrontal and
occipital cortices. The key point here is that a significant difference in a
particular CC region implies that the difference really exists in the cortical
area sending fibers through that CC region.

Several methods have been proposed for obtaining CC
measurements. All these procedures start with a sagittal section of the
callosum (though coronal sections can also be used) and assume the CC
can be treated as a linear structure. The usual measurement of the CC is
a “width” score obtained along the dorsal-ventral axis (e.g., Clarke et al.,
1989; Denenberg et al., 1991). Denenberg et al. specify 99 widths along
the CC length [i.e., along the anterior-posterior (or genu-splenium) axis},
whereas Clarke at al. have 27 widths. The CC is usually broken into a
number of regions and the average width per region (or area of the
region) is often used as a final score for statistical analysis. No one uses a

single width score as a meaningful measure.

Finally, a number of factors contribute to the CC width or region
measurements. The major ones are: number of axons crossing, the ratio
of myelinated to unmyelinated axons, the packing density of the axons in
the CC, differing amounts of non-neural material (e.g., glia) in the CC. EM
studies are required to determine the reasons for differences found at the
LM level (Juraska, 1988; Mack, 1995). EM studies of the CC were also
recommended by the 1999 Peer Review Panel.
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The summary above provides the context for two broad
conclusions concerning the perchlorate studies.

» There is insufficient sampling of the CC to draw any meaningful
conclusions about the effects upon the offspring of exposing pregnant
rats to perchlorate in the drinking water. '

* The CC measurement procedure employed is seriously flawed. |

| discuss these issues in the following sections.

Corpus Callosum Measurement and Analysis

The CC is one of the few structures which, we can confidently
assert, is symmetrical. This is because, as noted above, the CC is simply a
bridge and whatever goes in on one side comes out the other. Thus, there
is no “right” or “left” corpus callosum. This is the flaw in the
measurements made in the Primedica 2001 study. The proper
measurement of the CC is at the midline of the coronal section,v using a
minimum of 10 sections to obtain a series of measures.

Even though the measurements are flawed in this study, it might be
possible to obtain some information, since the measures obtained would
be expected to be proportional to the correct data. For the
proportionality argument to hold up, it is necessary that the “right” and
“left” measures (1) be highly correlated with each other, and (2) have

the same mean scores.

Therefore, | entered the raw scores for the Day 10 and Day 22
right and left CC measures into a spreadsheet, along with the brain weight
data. [These scores were taken from sections A2 and A3. To determine
correlations, | used the “Pearson” function in Excel. For analysis of
variance | used Statistica 4.1 for the Macintosh.]

The ANOVAs had Group (5 levels representing the doses
administered) for the independent classification and CC at 2 levels (Right
and Left) as a repeated measurement. Separate ANOVAs were run for
males and females, as was done by the statistician who did these
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analyses; and then | put males and females together in a separate
analysis.

L actation Day 10 Analysi

The ANOVAs found that the left and right measurements did not
differ from each other at any dose level for either sex (see Figs. 1 and 2).

The Pearson correlation of the Right and Left scores for the males
was r = .887; for the females, r = .845.

-

These findings indicate that the measurements had high reliability
(correlations) and reproducibility (means). Therefore, the Right and Left
scores were averaged to yield one CC score.

An omnibus test of male Groups, using the averaged CC score,
found significance. A Least Significant Difference (LSD) analysis
determined that the Control group differed significantly from the 0.1 and
1.0 mg groups (see Fig. 3). A similar analysis of the female Group levels
did not find significance via the omnibus test (Fig. 4).

The experimental design used male-female littermates. Therefore,
an ANOVA was run with the classifications of Group (5 levels) and Sex (2
levels, repeated measures), and with the averaged CC score as the
dependent variable. There was a significant Group effect, a significant Sex
effect, and the Group x Sex interaction was significant (Fig. 5).

Comment. The Primedica 2001 study reported that the CC of pups
whose mothers were treated with perchlorate at doses of 0.1 and 1.0 mg
were statistically significant for the CC width measure of males, but did
not affect the CC of females at any dose level. Howevgr, as presented
above and later in this review, there are fundamental issues with the
analytical procedures. Specifically. the measurement procedure is too
meager to allow one to offer an interpretation of this empirical finding,
though the data may be of use as preliminary findings. It is worth noting
that the effect size (d = mean difference/SD) of the difference between
the control group and the 0.1 and 1.0 perchlorate groups is
approximately 1.4 SD units (see Fig. 3). This is a very large effect, since
Cohen (1969) specified .8 SD units as a “large” effect.

Expert Review of Primedica 2001 14} May 18, 2001




—

,._._——_, ,H‘_«

| aclation Day 22 Analysi

The ANOVA of the male Right and Left scores found a significant
Group x Right/Left interaction (Fig. 6). Inspection of the Figure indicates
that differences were present for the Control group and for dose groups
1.0 and 30.0 mg (these differences were not tested for significance).

A similar analysis of the 22 Day females did not find any effect,
though the Group x Right/Left interaction had p <.10 (Fig. 7).

The Pearsoit correlation of the Right and Left scores for the males
was r = .909; for the females, r = .901.

The CC data of the females meet the requirements of reliability and
reproducibility and the Right/Left scores were averaged to yield one CC
value. Unfortunately, the significant interaction in the male data raise
serious concerns since this signifies that there is asymmetry in the
measurements on either side of the midline for the Control group and for
the 1.0 and 30.0 perchlorate groups (see Fig. 6). Since the RighV/Left
reliability was high, and since other options were not available, the
Right/Left scores were also averaged to yield one CC value.

An omnibus test of male Groups, using the averaged CC score, did
not find significance (Fig. 8). A similar analysis of the female Groups
found significance via the omnibus test (Fig. 9). An LSD analysis
determined that the Control group differed significantly from the 0.01
and 30.0 mg groups. Note that these significant differences are in

opposite directions.

The experimental design used male-female littermates. Therefore,
an ANOVA was run with the classifications of Group (§ levels) and Sex (at
2 levels, repeated measures), and with the averaged CC score as the
dependent variable. There was a significant Group effect and the Group x
Sex intaraction was significant (Fig. 10).

Comment. In contrast to the Day 10 data, where male controls
differed from males getting perchlorate, at Day 22 the only differences
found were with females. As with the Day 10 data, no interpretation of
these findings can be offered. In addition, a disturbing finding is that the
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CC scores of the Day 10 group is larger than the Day 22 scores (Figs. 5
and 10).

Overall Evaluation and Recommendations of CC Studies

The procedures and findings raise a number of questions, as
follows:

» How was a decision originally reached to obtain only one
measurement of the CC?

-

* In the original study (Argus 1998), the group doing the
neuromorphometrics, Consultants in Veterinary Pathology (CVP),
measured the corpus callosum at the midline. Why was that changed to
“right” and “left” measurements in the second study (Primedica 2001)?

« Why didn’t someone at CVP raise a question about a single
measure of the CC?

* How did the 1999 Peer Review Panel that reviewed the Argus
1998 study fail to note that getting only a single CC measurement was
almost useless? :

» Why is there such a discrepancy between the Day 10 CC
measurements obtained by CPV and the Day 22 CC measurements
obtained by Experimental Pathology Laboratories (EPL)? Or did EPL obtain
the brain weights? On p. 19 of the main text (last para) is the following:
“Brains from pups sacrificed on DL 10 and DL 22 were shipped to
Consultants in Veterinary Pathology and Experimental Pathology
Laboratories, respectively...Brain weights of pups sacrificed on DL 22
were recorded postfixation by Consultants in Veterinaty Pathology, Inc.” 1
find this confusing since, presumably, EPL did the CC measurements.

* CPV also did the 12 day CC measurements in the Argus 1998
study. Below | give the averages for the control groups, summed over
“right” and “left” and males and females:

Day 10: 326 (CPV)
Day 12: 295 (CPV)

) Day 22: 224 (EPL)
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The Days 10 and 12 numbers go together, but the Day 22 values are
markedly off. Is this due to the measurements being obtained off the
midline? Is this a sampling problem, a laboratory problem, or some other
kind of problem? A discrepancy of this magnitude raises many questions,
the most critical of which is: How do the other measurements from the
laboratory that determined the brain weights and CC values of the Day 22
pups (EPL or CVP) compare to measurements obtained on similar groups
of animals evaluated in other laboratories?

Some Statistical Issues

In this section | wish to raise some questions concerning the
statistical analyses.

Why is an omnibus F-test run prior to doing the Dunnett t-tests?
The Dunnett procedure does not require a significant omnibus test, so |
do not understand the rationale for doing this.

Why were there no trend or regression analyses to test for a dose-
response curve? TERA did run some regression analyses, but they were
based upon the group means and did not take individual variation into
account. Examination of the data in tho tables on pages 56, 58, 66, and
67 suggest that a quadratic function might fit the scores. This is
particularly true for the day 22 females, where 13 of the 22 measures
can be viewed as U-shaped or as an inverted-U. There are also a number
of possible quadratic fits in the other tables as well.

Since male-female littermate pairs were used in this study, that
should be built into the statistical analysis. Normally | would recommend a
Sex (2 levels) x Age (2 levels) x Dose (5 levels) ANOVA with repeated
measures on the Sex variable. However, Age cannot be included because
different labs did the measurements resulting in bizarre data with the Day
10 group having larger CC values than the Day 22 group. Therefore, one
is limited to running a two-factor Sex x Dose design, with repeated
measures on Sex. This would be done for each Age group separately. | do
not recommend doing an omnibus test on the Dose dimension. Instead, |
would test for Linear, Quadratic, and Cubic trends, and would extract the
Sex x Linear, Sex x Quadratic, and Sex x Cubic interactions. These are far

more powerful than doing separate analyses within sex using an
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omnibus test. In addition, in those analyses where Sex was not significant
as a main effect or in interaction, | would recommend running the Dunnett

test pooled over the two sexes.

‘ On p. 23 of the text is the statement that Day 10 male rats had

significantly higher scores on 15 linear dimensions. | only find higher
scores on 9 dimensions, using the data in the table on p. 56. On the same
page is the statement that Day 10 female rats had decreases in 18 of 19
measures. Examination of the data in the table on p. 58 find 11
significant differences, representing 8 measures, with 10 of the 11 having
lower scores.  *

)

| noticed that Female Day 10 subject #16717 has CC scores 2 SDs
from the mean. Are the data routinely inspected to look for outliers, or is
there a program that does that?

In entering the raw scores for the analyses, I noticed that the vast
majority of the Day 22 brain weight scores have a zero in the third
decimal place. The next most frequent number is 5. There are only a few
numbers other than 0 or 5. This is in contrast to the Day 10 data where
the third decimal place has all possible numbers.

Several research groups have found that brain weight does not
correlate with CC measures. Since | had these data available, | ran
correlations of brain weight and average CC score within age groups and
sex. None of the four correlations were significant. Thus, there is no need
to consider adjusting the CC measures for brain weight.

To get a sense of the between-litter variance of the rats in the

l study, | correlated, within each age group, the brain weights of male and
female littermates. The correlations were r = .697 for Day 10 rats and r =
298 for Day 22 rats (both significant). This indicates that there is still

{ considerable variance in this population. The lower correlation for the Day

22 group may reflect greater diversity as the animals get older, or it may

reflect the less precise brain weights (third decimal lacks significance).

The same littermate correlations were then done using their CC
scores. Neither correlation was significant (Day 10, r = .04; Day 22, r = -
.04). It's difficult to know what to make of this finding.
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Experimental Design Considerations

If this study is repeated (I think it should be), the following points
should be seriously considered.

* The CC does not become fully mature until around 40 days of
age. Thus, it is necessary to have one group of animals tested around 60-
70 days or later td' be certain that measures are obtained after the brain

has matured.

* The Morris maze should be used as the test of spatial learning.
There should be a minimum of 4 trials a day for 5 successive days. The
variables measured should include time, distance, time in each annulus,
and time in each quadrant. Day 6 should consist of a probe trial with the

platform removed.

* Other cognitive measures should be included, with at least one
measure of non-spatial associative learning (e.g., discrimination leaming)
and fear-based learning (e.g., two-way shuttlebox).

* A measure of affective behavior (open-field or plus-maze) needs
to be included. If the open-field test is used, the animals need to be
tested for 3 successive days, at a minimum. :

* The initial stimulus for the perchlorate research were the
findings concerning the thyroid. How would an expert in thyroid
physiology judge the thyroid data at the dose levels used in these
studies? It would be useful to include a dose level of perchlorate
sufficiently high that everyone agrees this is toxic to the thyroid. Then
one would be able to see how that dose affects brain development and
behavior. In addition, and as a standard procedurs, it would be wise to
include a positive control (e.g., pregnant rats on an iodine deficient diet,
or given different antithyroid agents, etc.) as an independent way of
confirming any toxic effects seen with any of the doses of perchlorate.
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» Someone who is an expert on CC histology and measurement
should be brought in as a consultant to review the complete CC protocol

from perfusion onward.

« Continue taking one male and one female from each litter. Ns of
13-16 are quite good when effects are large. Some thought should be
given to a statistical power analysis. This would compel the design group
to think about a minimal effect size, alpha level, and N per group.

PART 2: ANSWERS TO QUESTIONS PRESENTED BY TERA

TERA listed a series of questions they wished considered. Though. many of
these have been answered in Part 1 above, | address these questions
here.

The first set of questions (in italics) and my answers follow.

Do the statistically significant changes observed in the Primedica (2001)
study, when considered in light of the results of the Argus (1998)
neurobehavioral developmental study, represent a consistent effects of
perchlorate exposure on behavioral or structural development of the

brain?

If these studies do demonstrate a consistent effect, is the effect
biologically relevant?

If the observed effects are biologically relevant, can they be considered
adverse, as defined in the discussion on page 3 of this cover letter?

If the effect on brain development on behavior is considered adverss,
what dose produces the adverse effect in the test species (rat)?

If the effects are considered to be adverse, are they relevant to humans?

The only behavioral data are from the Argus 1998 study. No
effects were found for passive learning, an “M-test” for water maze
learning, or acoustic startle. Greater motor activity was obtained in an
open-field type of test. However, this effect apparently has not been
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replicated in the Primedica 2001 study, though additional statistical
analyses are yet to be done.

Therefore, at the behavioral level, nothing substantial has been
obtained. However, the sampling of possible behaviors represented by
these tests is very narrow. For example, no measures were obtained of'
spatial learning (I am skeptical about the M-maze), non-spatial associative
learning (e.g., discrimination learning), fear-based active learning (one-
way or two-way shuttlebox), Pavlovian learning, novelty/exploratory
behavior, or spatial and non-spatial working memory, to name a few
important behaviofal processes.

With respect to neuromorphology, the corpus callosum data are
largely useless except to suggest that this fiber bundle needs to be

examined carefully.

The question of consistency of brain effects is sex-specific. In
males, at both 10 and 22.days, perchlorate acts to increase brain
measures; whereas in females at the same two ages, those exposed to
the chemical in utero have smaller brain measures. Since these data are
highly suspect, | do not think much can be said about consistency until
the study is re-done (and re-done correctly).

Are these biologically relevant? First, the experiment and analyses
must be designed and conducted correctly. Then | think one has to
assume relevance for any change in a brain region that is known to play a
key role in behavior. Further, the findings suggest that the mechanisms of
action may differ in the two sexes.

The next set of questions revolved around the design of the
Primedica 2001 study. Below | list the relevant. questions and
my comments.

Please .comment on aspects of the experimental design that would affect
the interpretation of the brain morphometry results.

The sampling from the CC is inadequate, as noted in Part 1.

Were the morphometric methods used appropriate for determining an

effect on brain development?
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Not for the corpus callosum.

Further, measures at two time points (Days 10 and 22) is not sufficient
to determine a developmental path. '

Do the measurements made in this study have inherent sources 'of
variation, and was the inherent variability adequately controlled in the
study? How does the variability reported in this study compare with the

expected variance?

There is always sampling error (“inherent variability”) in any study. The
descriptions of the protocols followed in breeding females, selecting
which females to use, selecting pups, etc. all appear quite sound. The Ns
of 13-16 per group is certainly within acceptable limits.

The use of one male and one female per litter is excellent. However, the
statistical analyses would have been more efficient if male/female
littermate pairs had been put into the same ANOVA.

Did the techniques used result in adequate homology in the brain sections
and did they adequately control for sources of variation in the brain
morphometric measurements?

Drs. Juraska and Wahlsten can provide you with a better answer than |
can. ‘

How does the use of coronal sections affect the ability to compare the
results with values reported in the literature?

Nearly all of the studies published in peer-reviewed literature measure the
CC from sagittal sections. However, if done correctly coronal sections
should have no effect upon the CC measures. Indeed, | have a colleague
who argues that coronal sections are better than sagittal ones because
the plane of the cut is very critical in a sagittal section and much less so
in a coronal section. To do this correctly, it is necessary to obtain multiple
coronal slices along the anterior-posterior axis to ensure adequate
sampling throughout the CC (in effect, this is just like measuring the CC
from a sagittal plane since you one is still measuring coronal sections

along the entire length of the CC).
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How do the linear dimensions of measured brain regions from the control
animals in this study compare to literature values?

Even when the CC values are corrected, | am not aware of any studies
measuring CC width at or around 10 and 22 days. |

I don't know about the other brain measures at these ages.

How might assessjng the morphometry of brain structures in the rat at
the ages chosen if this study (PND 10 and PND 22) affect interpretation

of whether the findings are biologically significant?

It will be necessary to obtain brain measures at least at one post-puberty
age to get an estimate of a relatively stable adult brain. For example, the
CC has many myelinated fibers, and myelination is not complete in the rat
until at least 40 days of age. A group needs to be studied no earlier than
60-70 days to obtain a measure of a young mature brain.

The next set of questions _concerns biological significance.

Is there a ‘pattern’ to the observed changes that can be interpreted as a
consistent effect on brain development...?

The question of consistency of brain effects is sex-specific. In males, at
both 10 and 22 days, perchlorate acts to increase brain measures;
whereas in females at the same two ages, those exposed to the chemical
in utero have smaller brain measures. It is likely both sets of effects are
biologically “bad,” and the findings suggest that the mechanisms of
action may differ in the two sexes.

”

There are several significant effect in males at the 1 mg/kg/d dose level
that are not present at the higher doses...Is there an explanation for
these observations of more regions with statistically significantly different
measures at the lower doses than the high dose?

Most biological functions will be U-shaped (or inverted-U shaped) over a
wide enough range of an independent variable. There are several models
that may apply. One model assumes that the body needs a certain

minimum amount of the variable in question, up to an optimal, but beyond
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a certain point the variable can become toxic. Thus, the thyroid gland can
be hypo, normal, or hyper.

Another model is that an insult has occurred to some bodily process (e.g.,
via a drug at a toxic level) and the body tries to compensate (structure
enlarges) until it reaches a point of exhaustion (structure gets smaller as
it moves toward collapse). This could fit the perchlorate findings.

However, it is not certain that a wide enough range of perchlorate doses
has been built into the study to speak confidently about U-shaped
functions. -

Is there a known or likely explanation for the apparent differer?ce in
direction of the change in brain morphometric measurements in males and

females...?

The most obvious answer is that the sex hormones are involved and that
perchlorate is having different effects upon a testosterone background
than upon an estrogen background.

With respect to the corpus callosum, there are interesting sex differences
in the distribution of myelinated and unmyelinated fibers. We have found,
in the genu of the rat, that females have a greater number of
unmyelinated fibers than do males, while there is no difference in the
number of myelinated axons (Mack et al., 1995); Juraska and Kopcik
(1988), studying the splenium, reported similar findings. An EM study will
be necessary in a future study.

Are the statistically significant changes in linear dimensions observed in
this study considered biologically significant? If not, what...would be...?

L4

As | indicated above, the prudent decision is to assume .that any
significant change related to perchlorate should be considered
biologically significant until proven otherwise.

The next set of questions address relationships with behavior

Are the statistically significant changes observed in lineqr dimensigns of
brain regions in pups likely to be associated with behavioral/functional

effects in animals?
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For the corpus callosum, even when the proper measurements are made,
it is most unlikely that the behaviors usually studied in the rat will be
affected by callosal morphology. Balogh et al. (1999) studied this issue
by testing mice from the 129 strain on a variety of behavioral tasks, and
then determining the status of their corpora callosa. This strain of mouse
is known to have callosal dysgenesis, with some mice having no callosum
at all. Balogh et al. failed to find any relationship between the behavioral
measures and callosal status. This is not surprising since it is rare to find a
behavioral test given to rodents that requires the sharing or integration
of information acrdss both hemispheres. This is in contrast to primate
research where interhemispheric tasks have been developed. This leads
to the ironic conclusion that the CC findings (when done properly) may
well have greater implications for the human corpus callosum than for
rodent behavior.

Have the appropriate behavioral endpoints been examined...?

With the exception of the “M-maze,” the other tasks are familiar ones in a
behavioral laboratory. However, as noted earlier, the sampling of possible
behaviors represented by these tests is very narrow. For example, no
measures were obtained of spatial learning (see comment in next
paragraph), non-spatial associative learning (e.g., discrimination learning),
fear-based active learning (one-way or iwo-way shuttlebox), Pavlovian
learning, novelty/exploratory behavior, or spatial and non-spatial working
memory, to name a few important behavioral processes.

The M-maze is idiosyncratic. | have not heard of it before, and only found
4 references to it in Pub Med. It presumably is a measure of spatial
learning though the maze can also be solved with a non-spatial strategy. |
would have expected the Morris maze to be used to assess spatial
learning.

The'last set of questions concerns relevance to humans

Would the brain effects observed in rats be expected to be observed in
humans as well?

If the corpus callosum, when properly measured, yields significant effects
for the perchlorate treatment, this is likely to be found in humans as well.
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How might species differences in brain morphometry and development
affect the appropriateness of the rat as a model for human
neurodevelpment?

This is a question to which there is no unequivocal answer. In some areas,

there are strong relationships (e.g., the endocrinology of the rat,
genetics of the mouse or fruit fly). In other arenas, the relationships are

weak (e.g., social behavior). In general, where there is structural
homology (such as found in neurotransmitters, hormones, and the CNS
and ANS), researchers feel there is a reasonable likelihood that the rat is
an appropriate model, though certainly not the only animal model. The
classical example where the rat was not an appropriate model was with
the drug thalidomide. Here the rabbit was found to model the human
condition much more accurately.

With respect to development, the rat has the great advgntage‘ of allowing
one to go from birth through puberty in 40 or so days with a life span
around 3 years.

The bottom line is that the question of which rodent behaviors,
structures, chemicals can be related to the human can only be
determined empirically.
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Review of Primedica 2001
Janice M. Juraska
Mar. 18, 2001; revised Apr. 28, 2001

| am assuming that whoever reads this review, has also read Primedica 2001. Therefore, I am not
summarizing the results except as needed for my comments. 1 also assume that the abbreviations

(e.g., DL22 dams) are understood by the reader.

It is clear from Primedica 2001 that the effects of perchlorate do not dramatically alter
neurodevelopment. However, the results of Primedica 2001 are inconclusive with regard to more
subtle effects that are needed for the calculation of a Reference Dose of perchlorate. The levels of
TSH in the treated dams were increased even at the lowest dose of percholorate, and there were
signs of decreased T4 and T3 levels at the highest dose and oflen at lower doses. Likewise, pups
at al! of the sampled ages showed decreased levels of T4 or T3 at the highest doses (ofien at other
doses as well), and male D122 pups had decreased T4 levels at all doses. Despite hormonal
changes, the neural effects do not correspond to the indications of decreased levels of thyroid
hormone in the dams or in the pups. There are two explanations that are not mutually exclusive:
1) there are technical inadequacies to the present study; 2) the effects of perchlorate may be
complex with different systems altered in different ways at various doses. It is impossible to deal
with the second possibility until the problems of the first are addressed.

1) Technical problems

The fixation of the brains. The groups were not sectioned at the same time (see
Neuropathology Report, Day 22 Postpartum Rats, p. 13). The control and the highest dose were
sectioned and examined first and the other groups were added in order of dose. This could affect
the size of various components of the brains. In the experience of my laboratory group, fixative
slows the gross degeneration of the brain but cellular components do slowly break down. This is
why anyone examining cellular structure with electron microscopy embeds the tissue within 24
hours of fixation by perfusion. We have found that the brain changes size with time in
refrigerated fixative. First it shrinks for several weeks, then in subsequent weeks it swells. Time
between fixation and sectioning must be held constant between the groups.

In the quantitative measurement of neural structures, i is standard practice to perfuse the animal
through the cardiovascular system while the animal is under deep anesthesia. This ensures that
fixation occurs quickly and simultaneously throughout the brain. Distortions can occur as the
brain fixes from the outside in with immersion fixation. The time taken by diffusion with
immersion fixation also allows degeneration of cellular components which makes the brains even
more vulnerable to the shrinkage and swelling over time that was described above.

Blindness. It was also reported that not all measurements were performed “blind”. This is not
acceptable. The bias of the experimenter, often unintentional, cannot be allowed.

The measures.  Linear measurements are not the most sensitive method for detecting
alterations in neural structure. If there is a change, it does indicate that there have been effects.
However, it is easy to miss cffects when the measures are lincar. Measuring volume would be a
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step in the right direction. For example, a 5% difference in the thickness of a particular cortical
arca may be dilficult to detect due 1o inter-animal variability. I there is a 5 % difference in every
dimension, then the resulting 14% difference in volume may be more casily found. Volume
measurcments are especially important for a structure such as the hippocampus because it
changes in shape with each section. Consequently, the linear size will be very dependent on the
section chosen for measurement. This is obvious in the wobble between the right and left sides

of the hippocampus for the sections shown in this report.

The above is true even for the corpus callosum which can be represented in two dimensions as it
crosses the midline. The measurements done here were not technically the corpus callosum but
instead the cortical white matter. From my experience in examining this structure with electron
microscopy (Juraska & Kopcik, 1989; Kim et al., 1996; Kim & Juraska, 1997), the tightly packed
axons and glia seen at the midline become diluted with neurons and processcs oriented in all
directions once the pathway enters the brain. 1lence, a midline measurement of the structure is
essential. A mid-sagittal measurement would also be preferable to the coronal section. This
should be done en block because it is virtually impossible to take a mid-sagittal section that holds
together (see Kim et al., 1996 for the method). The area of the corpus callosum should be taken,
not thickness. Area is more likely to be proportional to the cellular measures that are ultimately
of interest - axon number and myelination. A structure might not vary in thickness but can still
vary in area. The area of subportions such as the splenium (posterior {ifth see Kim et al. 1996)

can also be taken.

A minor point — the regression analysis was the simple graphing of average linear size versus
dose. This did not reveal any new information. Why weren’t individual animal means plotted

against the individual animal’s hormone level?

2) Complicated effects
Cecllular changes. The ultimate question is not whether the size of various neural structures are

affected by perchlorate but rather if structure is altered. Size is being used as a substitute for
cellular and biochemical measures. There is a literature on the neuroanatomical effects of
hypothyroidism (reviewed in Lauder & Krebs, 1986) that indicates that several complicated
cellular processes are altered. Size measurements can be inconclusive because more than one
cellular effect is occurring. For example in the corpus callosum, the number of axons may be
increased (due to disruptions in axon withdrawal) while myelination may be decreased. Thus
there might be no effect on size of the structure even though callosal function may be
compromised. Such complicated effects make interpretations of sizemeasurements difficult
during development when several different cellular events are occurring asynchronously.

There is also the problem that DL22 is still a time of development for several structures in the rat
brain. For example, we have found that axons continue to withdraw from the splenium of the
corpus callosum afier day 25 and myelination is just starting at day 25 (Kim et al., 1997).
Neuron death (apoptosis) continues in the female visual cortex to at least day 25 (Nunez et al., in
press), and hormonal manipulations afler day 20 change the number of neurons in the adult
visual cortex (Nunez et al., 2000a). There is also dendritic growth and regression between days
30 and 60 in the visual cortex (Juraska, 1982) and days 43 to adulthood in the somatosensory
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cortex (Wise et al, 1979). Likewise, synapses increase 1.5 fold between days 21 and 41 in the
dentate gyrus of the hippocampus (Cowan et al., 1981).

With regard to quantification of the number of fibers in the corpus callosum, it should be noted
that unmyelinated axons are not detectable with the light microscope. They are lar too small for
the resolution of light microscopy and require electron microscopy and excellent fixation to be
detected. Myelin can be detected in the light microscopy at high power (>1000X). The sections
have to thin (1 micron) for myelin to be discernable from background (sec Nuiiez et al., 2000b

for method).

All this suggests that it would be useful to do an electron microscopic study of the corpus
callosum in animals that were exposed to perchlorate during development. These rats should
continue to be exposed through adulthood because this would model the situation that humans
exposed to the substance would experience. It also may influence whether there is “catch up”
from deficits occurring during development. This is especially relevant for the corpus callosum
because my laboratory has recent evidence that myelination continues in this structure during
adulthood (Nuiiez et al., 2000b) making catch up a possibility.

Recommendations
The current study is inconclusive. Another study should be conducted in which animals are

perfused with fixative and the time from perfusion to cutting is held constant for all subjects.
Measurements should all be performed blind and be taken as volumes (area in the case of the
corpus callosum). The above is standard practice in the scientific literature.

The experimental design should include adult rats that have been exposed to perchlorate their
entire life 1o model the human condition. Cellular measures should be taken such as the cellular
composition of the corpus callosum. The number of synapses in the hippocampus or cercbellum
also are good candidates for investigation given the literature on hypothyroid effects.

Although I was not asked to comment on the behavioral studies done prior to Primedica 2001, |
would like to add that none of the behaviors examined in Argus 1998 tapped either hippocampal
or cerebellar function. All of the behavioral tasks in Argus 1998 were very simple. A radial arm
maze test (baited and unbaited arms) for hippocampal function and a rotating rod for cerebellar

function seem necessary.

Given the large sex differences in detectable effects to perchlorate, there is a possibility for
interactions with the gonadal steroids. It would be useful to test repreductive abilitics in rats that

have been exposed to perchlorate all of their lives.
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Primedica Neurchistology  Levitt Report

Summary of Morphometric Data Review

Specific comments regarding the five issues noted in the

guidelines are included below. A  summary of conclusions
follows. Linear measures of a variety of forebrain structures,
solely in the coronal plane, demonstrate statistically

significant (t-test), small changes in size at various exposure
levels. A gender analysis reveals a trend towards increases in
males, and decreases in females. Occasional side-effects (left
versus right) are’ reported, but are probably due to technical
caveats of using the coronal plane for matching anatomical
level. The statistical analysis 1initially focused on a
comparison of each treatment group (II-V) with the control group
(I). While these comparisons revealed statistically significant
changes at some levels of exposure, there is no clear dose-
response effect with 'perchlorate exposure, making it very
difficult to determine whether the data are biologically
significant. The 1linear regression analysis, examining the
interaction across groups, revealed a potentially complex
relationship between levels of perchlorate exposure and changes
in brain morphometry. The statistical tests used may not be
adequate to resolve whether the relationships are biologically
signicant, and it is strongly recommended that a statistician
whose expertise extends to such bioclogical systems is consulted.
In the context of the data prsented in this repoxt, the so-
called ‘bell-shaped’ or inverted ‘bell-shaped’ response has
parallels in certain biological systems, where it has been shown
to be meaningful. The complex pattern of altered morphometry at
various doses is in contrast to the reproducible effects of
perchlorate on T3 and T4 levels at doses >1 mg/kg-day. There is

one potentially serious caveat 1in the experimental design

(handling of pups during the first two weeks postnatally; noted

below) and in the analysis of histological material (only
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coronal sections); both could affect the interpretation of the
biological significance of the morphometric changes. No comments
regarding the behavioral assessments are included, as this

reviewer is not an expert in the field.

Overall, the morphometric data do reflect consistent effects of
perchlorate on the structural development of select structures
in the forebrain. In both males and females, the most potent
dose for causing increases (males) or decreases (females) in the
linear dimensions of certain structures is not the highest dose
(30mg/kg-day), but rather 1mg/kg-day. In the context of
understanding the link between perchlorate-induced decreases in
TH levels, which are induced consistently at doses >1lmg/kg-day,
the data indicate that such TH alterations may be necessary, but
clearly are not sufficient to cause the  statistically
significant changes in the size of specific brain structures.
The data do not reflect what is typically seen in
experimentally~-induced hypothyroidism. "It is more 1likely that
the induced morphometric changes by perchlorate are due either
to normal variation in the measure used in the Primedica study,
or to complex effects on molecular characteristics that were not
measured in this study. The degree to which the reported
altered brain structure is bioclogically significant can only be
hypothesized, because linear measures of changes 1in brain
structures are not adequate to define structure-function
relationships. 1In addition, the appropriate end point for
morphological analysis was not included in the study (sexually
mature rats), which is necessary to eliminate the possibility
that the measured changes are simply due to a modest
developmental delay. It is important to note here that in
general, behavioral deficits and altered size of specific brain

structures cannot be correlated directly. As an example, gross
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malformations, such as lissencephaly, hydrocephalus and

pachygyra can result in severe mental retardation. These are

all examples in which brain pathology is evident.
Hydrocephalus, however, can be severe without necessarily
leading to mental retardation. From the examination of the
thumbnail images included in the report, there is no evidence of
brain pathology in the perchlorate study. Very modest
morphological changes, discerned by morphometric analyses, are
reported in certain diseases of the human brain. For example,
neuropathological analysis of brain sections or structural
magnetic resonance imaging (MRI)'report very modest changes in
schizophrenia (ct. 10-18% decrease in the size of the
hippocampus, thickness of prefrontal cortex), autism (8-12%
decrease in amygdala volume, 8-12% increase in cerebellum
volume, 10% increase in brain weight), and depression (see Lewis
and Lieberman; Minshew et al, 2001 for reviews). Based on the
findings here,” the magnitude of consistent changes in the linear
dimension of various forebrain structures are within the range
of size changes observed in disorders of human brain function.
However, in the context of whether the specific morphometric
changes reported in the Primedica 2001 study are biologically
(i.e. functionally) relevant, the linear morphometric analysis
is inadequate to be interpreted in this fashion. Again, this is
due to the inherent problem in 1linking structure-function
relationships in the brain. As such, one cannot determine from
the morphometric findings whether the consistent changes (at
Img/ml) in corpus callosum, hippocampus and cortex thickness are
adverse. The study design would need to be altered
substantially to assess more relevant characteristics of brain

organization to link perchlorate exposure with any potential

behavioral deficits.
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Issue 1: Design of Primedica (2001)

Please comment on.aspects of the experimental design that would
affect the interpretation of the brain morphometry studies.
There may be an important caveat in the design. Postnatal
handling of pups and lactatating dams adds a confound that could
affect brain development and maternal care. Meany and co-
workers (Caldji et al, 2000 for review of data) have shown that
limited handling ({as little as 15 minutes of separation of pups
from dam during the first postnatal week of life) is sufficient
to alter gene expression (eg. corticotrophin releasing factor)
and response to stress. Maternal care (licking) 1is altered
significantly by the handling as well (Caldji et al, 2000 for
review of experimental design). The recording of animal and dam
weights resulted in handling during this period. While all
groups were treated identically, the experimental design could
have introduced a confound in which an interaction between
perchlorate exposure and maternal care or neuroendocrine changes
in the pups resulted in a complex biological effect. There is
no data in the reports suggesting that perchlorate affects
general pup weight or growth. Thus, a new study should
eliminate handling effects by using parallel litters that are

not assessed behaviorally or morphologically, but used instead

to monitor weight.

The analysis of forebrain structures requires the wuse of
material sectioned in the three cardinal'planes. The design in
the present study did not include such analysis, which presents
a serious problem in data analysis and interpretation. The

assessment of certain brain structures in the coronal plane is

difficult (eg. length of corpus callosum; width of certain.

subfields of the hippocampus}. The use of the coronoal plane
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only 1is likely to introduce 1inconsistencies due to section
asymmetry and the inherent difficulties in matching rostro-
caudal levels across brains between treatment groups. Side
asymmetries were evident in the thumbnail images provided in the
report, which 1is the most 1likely reason for the inexplicable

side effects of some linear measure. They are not likely to be

biologically significant.

Were the morphomefric methods used appropriate for detemining an
effect on brain development? Linear measures are a crude
measure of biologically significant changes in brain structure
and development. As a first attempt to examine the possibility
of perchlorate-induced gross changes in brain structure, it is
reasonable. The methods used here are not sufficiently
sensitive to reveal clear structure-function relationships.
Rather, cell-based assays, in which specific structural changes
at the levels of the fundamental functional units, the neuron
and glial cell, are much more sensitive measures of altered
development (Levitt, 1998 for review of types of assays used in
developmental studies), and it is strongly urged that such cell-
based assays be incorporated into any future studies. However,
a review of the literature shows that the use of such cell-based
assays 1is not widespread in toxicology studies of brain
development because such methods are not high throughput.
Again, many examples of more sensitive assays are in the
literature and methods and specific suggestions could be

provided upon request if a lower throughput assessment of risk

were to be pursued in the future.

Is the sampling procedure used in this study for microscopic

evaluations appropriate to look for an effect that 1is mediated

through the thyroid hormones or TSH? There are two issues here.
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the design and implementation of the sampling procedures for
doing linear measurements were done appropriately, although the
single plane of section is a major caveat for analyzing some

forebrain structures. However, this reviewer recommends against

using linear measures to look for crude changes in the size of
specific structures as a sensitive measure for documenting
effects of thyroid hormones or TSH. Instead, the study design
should have included sufficient power to allow for other
quantitative methods of cell-based assays. For example, one can
readily investigate the effects of perchlorate on proliferation
(bromodeoxyuridine labeling) or cell death (TUNEL staining of
histological sections. Both assays have Dbeen used in
experimental systems in which levels of thyroid hormones or TSH
have been manipulated (see Koibuchi and Chin, 2000 and Pasquini
and Adamo, 1994 for reviews). Again, it should be stressed that
these methods are low throughput, and are not be amenable to the
study design here with multiple groups of perchlorate exposure,
multiple brain regions, and multiple ages. The study design

would need to be changed in order to pursue the more appropriate

assays.

Do measures made in this study have inherent sources of
variation, and was the inherent variability  adequately
controlled in the study? How does the variability reported in
this study compare with the expected variance? All morphometric
analyses have inherent sources of variation, but the variation
in the means in the report of linear measures are within
expectation for experimental error (except one area, see below).
Variation can be introduced at a number of levels. Tissue
processing in which dehydration 1is a component introduces
inherent source of variation, due to differential shrinkage of

brain structures. Based on the appearance of the sections in
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the thumbnails provided, it appears that the interbrain
variation in shrinkage and sectioning quality 1is low, thus
reflecting very well-controlled processing methods. There is
variability across measures (+4-20%), and this is likely due to
differential tissue shrinkage, operator error in making
morphometric linear measurements across different brain samples,
and inherent difficulties in matching anatomical location
because of asymmetric sectioning in the coronal plane. The
variability is éenerally <10%, which 1is routine for the
experimental design used here (for example, see Guilléry and
Herrup, 1998). The higher variability, particularly observed in
measurements of the corpus callosum, is avoidable by using

sections collected in the sagittal plane.

Did the techniques used result in adequate homology in the brain
sections and did they adequately control for sources of
variation in the brain morphometric measurements? The methods
for tissue processing were well-controlled and resulted in the
maximal homology of brain section quality. The issue of
immersion versus transcardial perfusion can be debated.
Immersion fixation used here does not provide the optimal
cellular preservation, but introduced minimum variation in
fixation quality. Transcardial perfusion, unless done Dby one
individual (with internal controls for fixation quality), can
introduce serious variations due to variability of fixation
quality. In future designs, power analysis of the numbe of
samples should be done to estimate the sample size needed to
control for these technical variations. The coronoal plane of

sectioning introduces greater variation in the measurement of

specific areas (see below).
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How does the use of coronal sections affect the ability to
compare the results with values reported in the literature? All
analysis was performed on sections cut in the coronal plane.
This is adequate for analysis of cortex and striatum. This plane
of section, however, introduces serious problems in matching
anatomical level for analysis of corpus callosum and hippocampus
(corpus callosum, see Bishop and Wahlsten D, 1999). The former
is best evaluated in the sagittal plane, the latter in the
horizontal plane ‘(Burrows et al, 2000). Cerebellum is best

analyzed in the sagittal plane.

How do the linear dimensions of measured brain regions from the
control animals 1in this study compare to literature values?
Linear measures provided are comparable to values 1in the

literature (Bayer and Altman, 1991 for comparative sectioned

material at P10 rat).

How might assessing the morphometry of brain structures in the
rat at the ages chosen in this study (PND 10 and PND 22) affect

interpretation of whether the findings are biologically

significant? Analysis of two pre-weaning ages provides an
opportunity to assess the rate and degree of change of the size
of particular brain structures. The analysis does not provide

an opportunity to determine if any of. the observed differences
are due to differences in the rate of developmental changes (so-
called delays or enhancements) that contribute vto specific
measures of brain or structure size. These differences may

eventually normalize post-puberty.
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Issue 2: Biological Significance of Results

Is there a 'pattern' to the observed changes that can be
interpreted as a consistent effect on brain development, based
on the results from the Primedica (2001) study and the Argus
(1998) neurobehavioral study? Several consistent patterns were
observed regardinb brain development. It is important to
emphasize that while there may be patterns to what was assessed

here, these measures are not amenable to direct cause-and-effect

evaluation with the neurobehavioral study.

The following conclusions may be amended with additional
statistical analysis. If changes were measured in a particular
structure, they tended to reveal increased size in males, in
contrast to increased or decreased size in females. Consistent

changes in the linear size of structures that contribute to the

corpus callosum were measured. It is noted here that the corpus

callosum measures included the hippocampal commissure (anterior
commissure level); thus, the increases (or decreases) in
hippocampal subfields that <contribute to the hippocampal
commissure are consistent with this interpretation. Significant
morphological effects in males and females tended to occur at

intermediate doses (lmg/ml), rather than at the highest doses.

Statistical analysis should be done on the original data in

order to determine whether this pattern is stochastic or a real

biological phenomenon.

in males at the 1 mg/kg/d
left

There are several significant effects

dose that are not present at the higher dose (e.qg.,
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striatum and right CAIl). Also, there are several parameters
that are affected by dose, but that show a similar magnitude of
effect over the very large dose (e.g., cerebellum) range in this
study. Is there an éxplanation for these observations of more
regions with statistically significantly different measures at
the lower doses than the high dose? Biologically effective
doses of growth factors can show very similar phenomenon. Thus,
intermediate doses of a particular agent may produce a more
substantial bioloéical response than 1low or high doses (or
recent examples, see Koshimura et al, 2000; Satou et al, 2000).
For example, hepatocyte growth factor (HGF) serves as a
stimulator of cell movement. At subthreshold doses (<1lng/ml),
cells do not move. At intermediate concentrations (5-10ng/ml),
cells are stimulated to move. At high concentrations
(>50ng/ml), cells do not move(Powell et al, 2001). Response of
neurons in culture to glutamate at low doses (1um) is
negligible, robust at intermediate doses (10-30um), and absent
at high doses (100um). A dose-response curve appears similar in

shape to the effects measured in males and females for the

following regions:

At P10 -
Right CAl, Right Hipp, Left & Right Corpus Call, Left Striatum,

Right Parietal Cortex, Left and Right Frontal Cortex
At P22 -

Cerebellum

A dose-response curve appears similar in shape to the effects
measured in males was seen in females for the following regions:
At P10 -

Left & Right Corpus Call, Right Frontal Cortex

At P22 -

Cerebellum
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An inverted bell-shaped curve was obtained for most affected

changes in females, where size differences were reported as

P e e Pal ol

At P10 -
Right & Left CAl, Right and Left Hipp, Right and Left Striatum

Is there a known or likely explanation for the apparent
difference in direction of the change in brain morphometric
measurements in males and females (e.g., increases 1in males,

decreases 1in females)? The short answer is no, there is no

known explaination. There is however, a possible explanation
that would require direct testing. Thyroid hormone regulates
gene transcription. Estrogen regulates gene transcription as
well. It is possible that the differences in males and females

measured here is a consequence of differential gene regqulation
in males compared to females, perhaps due to an additional
regulatory element that has great activity in developing female
brain. Literature searches did not identify studies examining

effects of TH on genes also mediated by estrogen.

A second explanation involves the experimental confound of
handling that was noted above. It is possible that the handling
experienced by the litters had different effects on males and
females, thus introducing a confound in one sex but not the
other. There is evidence that such early postnatal handling can
but not males

alter stress hormone responsiveness in females,

(see Caldji et al, 2000, for review).
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Are the statistically significant changes in linear dimensions
observed in this study considered biologically significant? If
not, what degree and/or direction of change (i.e., 10% increase,
20% decrease etc.) would be considered biologically significant?
Well-respected clinical studies do not use linear measures to
discern biologically significant alterations in brain
development. The comments that follow may be applicable here
only if one assumes a linear relationship between the 1linear
measures and volume and/or area changes in the same structures.
This was not determined in the present study, so unfortunately,
there is no direct way to compare. To reiterate, a major
deficiency in the Primedica study is the fact that there is not
a linear relationship between change in the size of brain

structures and the qualitative or quantitative extent of

functional deficits.

One can hypothesize about the extent of size change that would
be needed to correlate with seriouis brain dysfunction. As
noted above, volume and areal changes in brain structures in the
10-20% range, which are statistically significant, also can be
biologically significant. As one example, the brain weight of
children with autism, at autopsy, 1s approximately 10$ larger
(Minshew et al, 2001 fdr review of data). Cerebellar size is
increased to a similar extent (Minshew et al; 2001) . In adults
with autism, size differences are no longer sSeen, although the
characteristic functional deficits remain (Minshew et 'al, 2001).
In another example, the increase in ventricular size in
schizophrenia is 8-12%, with a similar decrease in hippocampal
volume (Lewis and Lieberman, 2000 for review of data). The

extent of these changes 1is independent of age at which the

measures were made.

Expert Review of Primedica 2001 181 May 18, 2001



primedica Neurohistology  Levitt Report

Issue 3: Biological Plausibility of Results (consistency with

mechanism of action)

Are the changes observed in linear dimensions of brain regions
consistent with changes 1in the thyroid hormone or thyroid

histopathology observed in the same groups of animals?

Consistent change% in corpus callosum, cerebral cortex and
hippocampus occur in the 1mg/ml treatment group, which did
result in decreased thyroid hormone levels. The 30mg/ml dose,
which also caused a reduction in thyroid hormone, did not result
in altered linear measures. Thus, there 1is not a 1linear
relationship between decreased thyroid hormone and the size of
brain structure that were measured. As noted above, it possible
that thryoid hormone reduction is necessary, but it cannot be

sufficient to cause the linear decreases (males) or increases

(females).

Studies cited below report that altered thyroid hormone (TH)
levels can have very different effects on brain populations and
the genes that regulate the development of specific brain
regions. It is important to note that thyroid hormone levels in
different developing brain areas vary greatly (Joffe et al,
1994) . Studies of the role of thyroid hormones have focused

almost exclusively on hypothyroid state and its effects on

cerebellar development (341 references in a PubMedline search

using thyroid hormone and cerebellar development as keywords; 3
references using thyroid hormone and brain development as key
words). The reason for this is the relative ease of analyzing
disruption of cerebellar morphology and the ease of causing the

hypothyroid state. It should be pointed out here that the
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summary provided to this reviewer by TERA regarding T3 and T4
levels cites increased levels of hormone in males and females,
at higher perchlorate exposure (p. 8 of report). Careful

reading of the actual reports from Latha Narayanan revealed

decreases or no change.

While many of the studies on the effects of TH on brain
development have focused almost exclusively on the cerebellum
(which was not Chénged consistently in the Primedica study), a
modest number of studies have included data on the anatomical
and cellular specificity with which TH acts during development.
The 1literature search failed to reveal definitive studies on
differential gender effects of TH reduction on brain
development, though it should be noted that many developmentally
relevant genes contain estrogen response elements. If certain
genes were co-regulated by estrogen and TH, these could be

susceptible to different effects of TH deprivation in males

versus females.

TH will promote expression of specific genes, which if
abnormally expressed, may result in aberrant brain development,
with functional consequences. Genes encoding myelin basic
protein (MBP), brain derived neurotrophic factor {BDNF) ,
neurotrophin-3 (NT-3) and reelin are Jjust a few examples of
important developmentally related genes that ‘have thyroid

hormone response elements. Studies have been published using

hypothyrqidism as a model to demonstrate altered expression of
these genes, with resulting changes 1in cell proliferation,
migration, neuronal and glial differentiation. As noted above,
the studies typically focus on structural effects in cerebellar
development, where there are well-known reports of altered

proliferation of cells, increased apoptosis, hypomyelination and
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delayed synapse formation (Koibuchi and Chin, 2000; Pasquani and

adamo, 1994, for review of literature).

There are some reports that are relevant to the effects seen on
select forebrain structures. Tera et al (1998) note that
astorcytes isolated from the cerebral hemispheres are more
responsive to TH regulation of gene expression than astrocytes

from the brainstem or cerebellum. This 1s consistent with the

i » . .
findings of more consistent - size changes in the forebrain -

structures compared to the cerebellum in the Primedica 2001
study. Pémbo et al (1998) report that the MAL proteolipid
protein gene, expressed by oligodendrocytes, is regulated by TH
during development, but not in the adult. Altered (gene
expression by oligodendrocyted could alter myelination and
affect corpus callosum size. Garcia-Fernandez et al (1997)
report very complex, dichotomous changes of an important protein
in a state of experimentally induced hypothyroidism. They note
brain region-specific and <cell type-specific effects of
hypothyroid state on the expression of lipocalin-type
prostaglandin D2 synthase. This- enzyme 1s responsible for
prostaglandin D2 synthesis. Cajal-Retzius neurons, responsible
in part for the proper migration of cerebral cortical and
hippocampal neurons, exhibit reduced levels of the synthase in
low Th state. In contrast, prostaglandin D2 synthase protein
levels were higher in neurons of the CAl and CA3 regions and the
dentate gyrus of the hippocampus. The findings highlight the

very real situyation in which reduced levels of TH ,can_;have-'

varied effects on the state of different target populations in

the developing brain. Unless measured directly, there is no way
to predict accurately whether the expression of a particular

gene or protein will increase or decrease in the hypothyroid
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state.

po the results reported for the structures measured correspond

to effects observed in published studies of severe

hypothyroidism? No. Hypothyroidism results in developmental

delays, reduction in size of cerebellum due to altered cell

proliferation and cell death and reduced myelination (see

Koibuchi and Chinf 2000 for review). None of these changes are

conistently seen in the Primedica study. Several of the studies

cited above report specific effects on genes expressed in the

forebrain, in particular, the cerebral cortex and hippocampus.

These changes at the molecular level could be extrapolated to

effects on developing brain structure, but this is hypothetical.

Literature searches failed to identify studies in which states

of hypothyroidism  were induced during development and

measurements were performed on the same forebrain regions

showing changes in the Primedica 2001 study.

Does the pattern of statistically significant changes observed
in the brains correspond to the pattern that would be expected
if these changes were being mediated by alterations in thyroid

hormone levels? As noted above, there are studies of effects of

TH on genes expressed during development tha% could alter the

developmental course of oligodendrocytes, astrocytes and

neurons, but the design of the Primedica study does not allow

this fo be determined. The gender effects cannot be supported

by any data in the literature that this reviewer could find.

While perhaps surprising, it is important to note that the same

abnormal level of thyroid hormone «can cause increases or

decreases in gene and protein expression in the same brain, but
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in differentt arecas. Thus, it is nol surprisign that {(he

literature contains data that are consistent with the observed

brain changes.

The most effective doses of perchlorate that induce thyroid

hormone deficiences overlap with, but are not identical to those

concentrations that resulted in reproducible changes in brain

structure. The failure of the highest dose of perchlorate to

induce structural changes, in the context of reproducible

alterations in TH levels, indicates that if the changes in brain

structures are biologically relevant, there must be other

interacting elements driving the changes. The effects cannot be

due solely to alterations in TH levels. As noted above, altered

TH levels induced by perchlorate exposure may be necessary, but

are not sufficient to cause the statistically significant

changes the size of specific brain structures.

Issue 4: Relationship with Behavioral/Functional Effects

Are the statistically significant changes observed in linear

dimensions of brain regions in pups likely to be associated with

behavioral/functional effects in adult animals? The design of

the Primedica study does not allow this to be anawered

unequivocally. However, as noted above, no studies with which

this reviewer is familiar have determined a well-defined
correlation between the extent of changes in the 1linear
dimensions of the size of certain brain structures and

functional effects in adult animals. It is possible, but it is
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more likely that an underlying cellular change would be
responsible for any behavioral deficits. What may be considered
very minor changes in size, for example, in autism, may reflect
considerably more functional deficits than larger changes seen
in hydrocephaly. The clear conclusion that there is no
correlation reflects the inability of 1linear measures to be
linked directly to a specific brain function. Changes in linear
measures are caused by alterations in <cell structure or
organization. Aéain, any attempt to define a relationship
between putative behavioral chaﬁges and structure would need to
include the assessment of the specific cell populations and

circuits responsible for mediating a particular function.

Have the appropriate behavioral endpoints been examined in order

to evaluate an effect of perchlorate exposure on behavior? Yes.

Issue 5: Relavance to Humans

Can you comment on whether the brain effects observed in rats
would be expected to be observed in humans as well? If changes
in linear dimensions of brain regions were to be observed in
humans, would these changes result in a functional or behavioral
deficit? While there are many well-conserved events of brain
development that are regulated by the same genes and proteins
across species, the effects of perturbing the milieu in which

the brain developé may or may not result in the same changes

across species. It is possible that the brain effects of

perchlorate in rats could occur in humans as well. It also is

possible that it may not have any effect on brain size.
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The first question under Issue 4 addressed the issue of the
relationship between alterations in the linear dimensions of
brain structures and functional or behavioral deficits. To
reiterate, this reviewer does not know of any studies showing
such a 1link, and would only conclude that there is a 1link if
cell-based assays were used to show consistent changes at the

same doses in which behavioral changes are induced.

In particular, how might species differences in brain
morphometry and development affect the appropriateness of the
rat as a model for human neurodevelopment? In the opinion of
this reviewer, the differences in brain morphometry between

lissencephalic and gyrencephalic animals is unlikely to be a
major factor in using the rat as a model for human
neurocdevelopment. Thousands of neurodevelopmental studies have
been done in rodents and the mechanisms that underlie specific
neurodevelopmental events are well-conserved across species (see
Levitt, 1998 for a brief review). A more likely confound in
using the rat as a model of human neurodevelopment are the
inherent differences in maternal care that are known to affect
brain development (see above) and the possible differences in
pherchlorate metabolism that may exist between rodents and
humans. This reviewer is unfamiliar with the literature on the

comparison of perchlorate metabolism and TH effects in different

species.
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Background

The current studies and those completed earlier (Argus, protocol 1613-002) were
designed to assess the public health risk of the presence of perchlorate in drinking water.
Perchlorate has been found in drinking waters in several states, the levels generally
ranging between 4 and 18ug/L. Perchlorate has in the past been used in the treatment of
hyperthyroidism at doses exceeding 1gm/day, though it is generally no longer used due to
significant negative side-effects and the development of better therapeutic modalities,
such as the thionamide drugs and radioiodine ablation. Perchlorate is an anion that
blocks active uptake of-iodide, a vital component of the thyroid hormones, thyroxine (T4)
and triiodothyronine (T3). It acts by competitive inhibition of the Na/iodide symporter in
the follicular cell membrane of the thyroid follicles (Dai, Levy et al. 1996, Wolf 1998)
leading to a deficiency in the production of thyroid hormone.

Hypothyroidism, the result of insufficient levels of thyroid hormone leads in newbom
children and laboratory animals to lack of growth and in the extreme, a cretinous state,
including poor motor, intellectual and behavioral development due to deficient
maturation of the central nervous (Schwartz 1983; Legrand 1986; Oppenheimer and
Schwartz 1997). Thus, it is of importance to properly evaluate the risk of the perchlorate
content of drinking water supplies.

Several studies have been published to date attempting to evaluate the risk of the
perchlorate to those exposed to it in industries responsible for the contamination of
ground waters and to those drinking the waters. In neither circumstance have any
adverse effects been noted. Lamm et al (Lamm, Braverman et al. 1999) evaluated
workers at an ammonium perchlorate production facility in Nevada exposed on average
to 1, 4, 11 and 34mg perchlorate per day. No differences among these groups were found
in plasma thyroid hormone levels, thyrotropin (I'SH) or plasma hormone binding, anti-
thyroid peroxidase antibodies or on general physical examination. These workers
estimated that the population around Las Vegas, an area with waters found to have about
18ppb perchlorate, would ingest only about 36pg perchlorate per day in an average intake
of 2 liters of water per day, orders of magnitude lower than the control group in their
study. Gibbs et al (Gibbs, Ahmad et al. 1998) reported a similar study in workers
inhaling up to 436ug/kg with the same results. No perchlorate-related effect on TSH, T4
or T3 was demonstrated. Further, standard blood testing indicated there were no effects
on liver, bone-marrow or kidney function. Lamm and Doemland (Lamm and Doemland
1999) found no evidence of increased risk of congenital hypothyroidism among about
700,000 births in those counties of California and Nevada with detectable perchlorate
levels in the drinking water. Li et al (Li, Li et al. 2000) also found no differences in
neonatal T4 levels in Las Vegas, where perchlorate levels are up to 15pug/L. as compared
to a control population in Reno, Nevada. The California Department of Health Services
(California 1997) similarly reported no increase in the rate of congenital hypothyroidism
in areas of that state in which measureable levels of perchlorate were found in the
drinking waters. Lastly, Siglin et al (Siglin, Mattie et al. 2000) reported a study of
perchlorate in the drinking water of rats using a range of doses from 0.01 to
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10mg/kg/day. They found alterations in plasma TSH, T4 and T3 at all dose levels but
thyroid histology was altered only at the highest dose. No ather physiologic or biologic
changes related to thyroid hormone action were noted suggesting the rats were not

hypothyroid.

Introdnction

Since the primary effect of perchlorate is to block synthesis of thyroid hormones, the first
question to be asked of these studies is, Were any of the doses of perchlorate used in
these studies sufficient«to induce a state of hypothyroidism? Clearly, these doses were
sufficient to affect hormonal synthesis, although at best, the changes in plasma hormone
levels observed were modest. In dams, fetuses and pups, at all times and in all treatment
groups, TSH tended to be raised although these changes did not always reach
significance. Similarly, plasma T4 and T3 levels were only modestly decreased even in
those groups that showed statistically significant changes but group means tended always
lower. Generally, as expected, the higher the intake of perchlorate, the greater the
changes noted in plasma hormone levels.

These, at best, modest changes were generally reflected in the thyroid glands. Increased
hyperplasia and hypertrophy and decreased colloid were only seen in the highest dose
groups. The thyroid is well known to respond to deficiency in iodine intake with
increased rates of hormonal synthesis and an increase in the ratio of T3 to T4 that is
secreted before there is a detectable goiter or increase in hypertrophy and hyperplasia
(Taurog 1996). Thus, plasma T4 may be more consistently reduced than T3.

Against expectations, in the previous study (Argus B-2), T4 and T3 levels were found to
be increased in the perchlorate treated dams at PND 10 at the same time that TSH was
increased. No attempt was made to explain these discrepant results in a manner
consistent with the known biology of the thyroid hormones and their regulation by TSH.

Were these animals, in fact, hypothyroid? I believe the answer is clearly, NO. It is well
known that hypothyroidism leads to a reduction in the growth rate of both dams, fetuses
and pups, measured as change in body weight (Bonet and Herrera 1988; Sood, Schwartz
et al. 1996; Schwartz, Ross et al. 1997). Pregnant dams show a réduction in weight gain
within 2 weeks of the onset of hypothyroidism (Bonet and Herrera 1988) and a reduced
growth rate is already evident in fetuses at G21 when hypothyroidism is established early
in gestation (Schwartz, Ross et al. 1997). Although brain weight is also generally found
to be reduced in hypothyroid pups, the degree of fall is less than that of body weight so
that the brain/body weight ratio is found to increase (Legrand 1986). There was no
difference in these parameters among any of the treatment groups at any time point.
Added evidence against hypothyroidism in the dams is the lack of an effect on food
intake. Hypothyroid adult rats generally reduce their food intake 20% or more
(Westenend, Schroder-van der Elst et al. 1993; Syed, Thompson et al. 1999). Further,
litter size is consistently reduced by as much as 50% in hypothyroid dams (Morreale de
Escobar, Pastor et al. 1985). It was also noted in the earlier study (Argus) that, at the
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doses used, behavioral development was unaffected. As far back as the studies of Eayrs
and colleagues (reviewed in (Schwartz and Oppenheimer 1979)), it was noted that in
hypothyroid pups there was retardation of learning and of development of behaviors such
as the righting reflex and the startle response.

Given the very modest changes in plasma hormone levels, it would be expected that brain
T3 levels would not be altered in any significant fashion. T3 in brain is mostly a product
of local conversion from T4 (Leonard and Koehrle 1996). It requires a drastic reduction
in the amount of plasma T4 substrate entering the brain to significantly lower the T3
levels. The local deiodinase type Il increases its activity in the attempt to maintain the
normal T3 concentration. It would have been of value to measure such targets of thyroid
hormone action as myelin basic protein and mRNA or Pcp-2 mRNA (Oppenheimer,
Schwartz et al. 1996), deiodinase activity in brain (Leonard and Koehrle 1996) or hepatic
malic enzyme activity or mRNA (Oppenheimer, Schwartz et al. 1996). These are
accepted markers for thyroidal state.

Current therapeutic use of perchlorate is generally limited to patients who have developed
hyperthyroidism as a result of treatment with the iodine-containing drug amioderone for
cardiac arrythmias (Martino, Aghini-Lombardi et al. 1986; Reichert and de Rooy 1989)
Administration of 1gm of potassium perchlorate per day is sufficient to block thyroidal
uptake of iodine and increase its release from the thyroid gland allowing a return to
normal function. Thus, in a 70kg individual the dose of perchlorate is approximately
14mg/kg/day, half the highest dose used in these studies. In my laboratory and in the:
literature generally (Fernandez Rodriguez, Galera Davidson et al. 1991; Sandhofer,
Forrest et al. 1996), the concentration of potassium perchlorate used to induce
hypothyroidism in laboratory animals is 1-2% (10 to 20mg/ml) in the drinking water. In
a rat weighing 250gm drinking about 30ml per day this is a dose of 1.2 to 2.4gm/kg/day
as much as 80-fold the maximum 30mgkg/day dose used in the current study. It is not
clear on what basis the doses of perchlorate used in this study were chosen, since even
the lowest dose, 10pg/kg/day is at least 20-fold higher than the estimated intake of a 70kg
individual (see discussion above) in the affected areas.

Neurohistology

Thyroid hormones act via nuclear receptors and the character of the dose response as it
relates to receptor occupancy by hormone has been described (Coulombe, Schwartz et al.
1978). Responses, no matter the target, enzyme activity or mRNA, rise as fractional
occupancy of receptors increases and a maximum response is observed with full
occupancy. No sex related differences in the biology of the molecular mechanism of
action are known nor have the effects of altered thyroid state been shown to be sex

dependent.

There are a number of disturbing findings in this section of the report that suggest the
unreliability of these data. Among them are [1] inconsistency of results with those in the
previous (Argus) study; [2] a lack of dose-responsiveness; [3] differences in response
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between males and females, and instances of left/right sided differences in response; and
[4] inconsistency with the relevant literature in this area.

[1] The reduction in brain weight in the perchiorate groups seen in the earlier study was
not duplicated in the current round at any dose. Again, the increase in size at PNDI12 in
the cerebellum earlier seen at 3mg was not seen at any dose in this study. In the earlier
study, an increase in the Size of the corpus callosum was seen at 10mg but not at the 3mg
dose at PND12. At PND82, males showed an increase at 10mg , the females a decrease
at the same dose. In the current study, an increase was seen at 0.1mg and 1.0mg but not
30mg in males at PNDI10, no change was evident in the females. Of interest, the
coefficient of variation.for the 10mg group in the earlier study was no greater than those
observed in the groups in this study despite mixing the data for the sexes. If there truly
were a difference of response in the sexes, the measure of variance should have been

much larger.

[2] A lack of dose-response is evident throughout these studies both for any given brain
segment and among brain segments. Although, generally plasma hormones were lowest
in the 30mg dose group, most often this group showed no treatment effects. Nor is there
consistency of the effects among doses from one study to another ar, in the current study,
from one brain segment to another. Changes are found at the very lowest doses but no
other or for the intermediate doses but not the highest.

[3] I know of no data in the literature going back 50 years related to the actions of these
hormones in brain that describes a difference in the biology of the thyroid hormones
between the sexes or of differences in response from one side of the brain to the other,

[4] The literature in general demonstrates that in the rat, the postnatal development of the
brain is most acutely dependent on thyroid hormone (Schwartz 1983; Legrand 1986;
Oppenheimer and Schwartz 1997). One of the most well described effects of
hypothyroidism in the newbom pup is the delayed development of the cerebellum. In the
euthyroid rat pup, the external granular layer disappears by PND24. In hypothyroid pups
the width of the external granular layer is greater than in euthyroid pups. Thisis duetoa
reduced rate of migration of the granule cells away from the external to the internal
granular layer. Yet no difference in the cerebellar external granular layer was seen in this

study. '

Gravel et al (Gravel and Hawkes 1990; Gravel, Sasseville et al. 1990) reported that by
PND25 the cross-sectional area of the corpus callosum was reduced in hypothyroid pups
by almost half and that myelin content was less than 95% of control. Nao difference from
normal was evident at PND10. Those authors did not indicate a sex related difference.
The current results show an inconsistent increase in size in males and essentially no

changes in the female pups.
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Conclusions

The doses used in these studies were sufficient to cause modest changes in the thyroid
hormone economy. This is reflected in the generally observed increases in TSH and
altered histology of the thyroid at the highest doses. The less consistent changes in
plasma T4 and T3 are likely due to compensatory increases in thyroid hormone synthesis
and secretion. This is also reflected in the increased hypertrophy and hyperplasia as well
as the reduced follicular colloid at the higher doses.

The data, however, suggest that the intake of perchlorate was not sufficient to induce a
hypothyroid state even.at the 30mg dose. Unfortunately, no accepted tests of thyroid
state were done to test this issue. Thus, it is concluded that any changes observed in the
brains of these animals are likely not the result of reduced tissue T3 concentrations. It
would have been of value to have measured the tissue T3 concentrations.

It is a serious weakness of these studies that the literature on thyroid/brain relations
appears to have been ignored in choosing the endpoints to be measured. An enormous
effort was given to these measurements. But there is no foundation in the literature
suggesting that the size of most of these areas is affected by hypothyroidism. Further,
none of the well-defined endpoints of thyroid hormone affect in brain, target gene
mRNAs, myelint content, enzyme activities, etc that have been so well described over a

fifty year period was included as control.

Because endpoints not known to be affected by altered thyroid state were used in this
study, it would also have been of great importance to have included a positive control for
the hypothyroid state and its consequences both peripherally and in brain. Methimazole,
0.025% in the drinking water, is routinely used as the drug of choice in studies such as
these. It induces severe hypothyroidism in the dam and, because it crosses the placenta
and is secretéd in the milk, in the fetus and pups (Schwartz, Ross et al. 1997). It is quite
effective when begun at 12 to 14 days of gestation prior to the onset fetal thyroidal
synthesis of hormone at about day 15.

A final technical point. Many of the biochemical and molecular effects of
hypathyroidism on brain are transient, first appearing at about 10 days of age and
returning toward normal by 20 to 30 days of life ((Schwartz 1983; Oppenheimer and
Schwartz 1997) and papers reviewed therein). It is, therefore, vital in future studies to be
aware of the details of the time course of the effect of thyroid hormone on any particular
target in order to choose the appropriate age at which to make the measurements.

Given what appear to be major weaknesses in the neurohistological data, including lack

of dose response, sex dependent differences and lack of reproducibility, it is not possible
to conclude there is any effect of perchlorate at these doses on brain development.
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Introduction

This report is organized according o issues and questions posed in a document from TERA
dated March 5, 2001, that gives background information on the perchlorate toxicity study and
guidelines for the reviewers. The introduction provides a bricf summary of the scope and

methodology of the study.

Possible adverse effects of perchlorate on brain development were assessed by administering
four doses and a control solution to pregnant and lactating rats in their drinking water, beginning
two weeks prior to conception and continuing until termination of the study. A variety of
measures of the fetuses and neonates conceived in those dams was assessed at four ages ranging
from shortly before birth to a few days prior to the usual age for weaning. The measures of
principal interest involved thyroid anatomy and biochemistry plus brain morphometry. Generally
speaking, increasing doses of perchlorate increased the serum levels of thyroid stimulating
hormone (TSH) and decreased levels of the thyroid hormones T, and especially T;. There
appears to be no question about the effects on the thyroid, and the Primedica study confirmed
established knowledge in this respect. Effects on brain morphometry were less clear and
consistent, and there is doubt about how strong conclusions from these data ought to be.

The design of the study is summarized in Table 1. At the outset of the study, there were 16 dams
and their litters in each group of rats assessed at gestation age 21 days (DG21), lactation day 10
(DL10), and lactation day 22 (DL.22). The DL10 and DL22 litters were culled to four male and
four female pups on lactation day 5 (DL5), and some of the spare pups were sacrificed and
assessed at that time. Thus, the DL5 data are not completely independent in a statistical sense
from those at DL10 and DL22; whereas DL10 and D122 data are taken from entirely separate
litters of rats, the DL5 rats were littermates of some in the DL10 and DL22 groups. Thyroid and
brain samples were evaluated for one male and one female from each litter, where littermates
were in effect paired observations. For a number of reasons, the final sample size was less than

16 in several groups.

Table 1 Study design; dose in mg/Kg/day administered to dam; age when offspring were tested
(Gray boxes indicate no brain morphometric data were available to the reviewer.)

Age Dose: 0 | 0.01 0.1 1.0 30.0
DG21 ~
DL5
DL10 140, 162 144, 169 110, 142 1640, 159 150, 15%
DL22 160, 162 165, 169 150, 15% 164, 169 164, 169

Results from the different ages were presented and analysed separately, but a great deal of the
material in each age-specific section of the report is identical, which confirms that all ages were
part of the same study. Cohabitation of the dam and sirc began on January 10 or 14, 2000, for
all groups, and all treatments and tissue collection were done at Argus Rescarch Labs in
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IHorsham, Pennsylvania. Certain tissue samples were then shipped to other labs tor histological
evaluation and statistical analysis.

For the DG21 fetuses, perchlorate clearly increased TSI1 and decreased T levels. No
neurohistology has been done on these fetuses, however (p. 48). I'or DL5 neonates, perchlorate
increased thyroid size of males by a small amount but had little or no effect on female size. No
histology on the brains at DL5 has been done (p. 55). Thus, the only observations on brains
presented in the report are at DL10 and DL22, and my assessment deals primarily with these

data.
Issue 1: Design of Primedica (2001)
A. Adequacy of the experimental design

The animal husbandry and methods of administering the substances were conventional and
appeared to be adequate.

The experimental design was a conventional dose-response study with independent groups at
each of four doses plus a zero-dose control. Because the experiment was run as a single study,
the design is a two-way factorial, the factors being dose and neonate age, with sex being a
within-group factor. Because data were considered separately for males and females, it is
apparent that the authors viewed this as a three-way factorial study, the factors being dose, age,
and sex. Nevertheless, they conducted separate statistical analyses on four subsets of groups -
DL 10 males, DL10 females, DL22 males, and D122 females. This piecemeal approach does
not allow a proper statistical evaluation of sex or age differences in treatment effects.
Although the design itself was adequate, a statistical analysis more appropriate to the design
could have been employed. Analysis of a factorial design as separate subgroups reduces the
statistical power of the many tests of significance and precludes a formal test of sex-by-dose
interaction [47].

Another important aspect of the design is the choice of sample size. Sixteen rats per group is
quite adequate for testing the average or main effect of dose, age or sex difference in cases
where a moderate effect size is expected, but it is usually insufficient for testing the hypothesis
that the factors act independently and do not interact. The crucial determinant of suflicient
sample size is the magnitude of a treatment effect that the investigatars would like to be able to
detect [10, 11, 46, 47]. Whereas [ as a reviewer am asked to assess whether a biologically
significant effect is present (Issue 2), the authors themselves do not state at the outset how large
an effect must be to be considered biologically significant. Lacking a standard for a
noteworthy effect of a potential toxin, it is not possible to make an informed choice of
sample size for an experiment. My educated guess is that the sample size employed was
sufficient for ascertaining whether a significant linear log(dose) treatment effect of perchlorate
was present, but the sample size was probably inadequate for judging whether males and females
were differentially affected, or whether perchlorate effects were larger for DL10 than D122
neonates.

Design includes the ages chosen for assessment of possible effects on the brain. My principal
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When assessing rate of development, it is also important to keep in mind that gencetic strains tend
1o difer in the ages at which various developmental landmarks such as disappearance of the
GL are reached [42]. It would therefore be desirable to evaluate perchlorate effects on
more than one strain in order to establish the generality of dose-response. In mice, there is
a particularly large developmental delay imposed by inbreeding in embryos [52] and neonates
[42]. The level of inbreeding in humans is generally very low, and it makes sense to study effects
on non-inbred stocks of rats, but it would be helpful to know the degree of genetic variation

present in animals chosen for a study of substance safety.

One further aspect of design warrants brief comment. The person making morphometric
measures of brain tissue should always be “blind” with respect to treatment, sex and even age of
the animals being assessed. It is not clear that an acceptable level of blind assessment was
achieved in the Primedica study. Age would have been difficult to conceal in a study with
only two ages where brain sizes were very different. Perchlorate dose and sex could easily be
concealed from the observer, however, especially because different labs did the tissue collection
and the histology. For the DL10 rat brains evaluated by Consultants in Veterinary Pathology
Inc., it is stated on page 7 of the neuropathology report that three dose groups were studied “in
a non-blinded fashion” and only the zero dose controls and highest (30 mg/Kg/day) dose group
were measured blind. This is a very peculiar procedure and is clearly inadequate. Looking
closely at Tables 1 (males) and 2 (females) in that report, where individual scores are shown, it
is seen that Rat Number is identical for males and females within a dose group. Normally, a
coded rat number written on a slide or vial of brain tissue is all that is needed to render
morphometric assessment blind, but I am not sure just what was done in this study. Did the
observer know the sex of the rat brain tissue being measured? I cannot tell from the report. The
DL22 rat heads were sent to Experimental Pathology Laboratories Inc., but I could find no
statement whatsoever about the degree of “blindness” achieved in making morphometric
measurments. The report merely states on page 8 that all measures were taken “by the study
pathologist.” It is essential that we be told what information about dose and sex was
available to the pathologist at the time the measurements were done. As with the DL10
rats, “Rat Numbers” in Tables 1 and 2 are identical for males and females, so 1 suspect that

those were litter numbers rather than rat numbers.
B. Appropriateness of morphometric methods

Brain tissue from DL10 and DL22 rats was fixed by immersion in 10% neutral buffered
formalin, a method that is inferior to intracardiac perfusion but is nevertheless adequate and is
much quicker. The brain was then sectioned into slabs that were embedded in paraffin prior to
slicing for histological study. Paraffin embedding entails passage of the tissue from water to
alcohol to toluene or xylene and then to paraflin wax. This common procedure usually shrinks
the tissuc by a very large amount, reducing linear measures by almost 40% of their true values in
some tissue [44, 51]. This reality of the histology lab is not a major cause for concern, provided
the investigators take care to determine the degree of shrinkage and then correct their measures
to restore them to valid figures. In the Primedica study, however, thickness mcasures were not
corrected for shrinkage of the tissue during histological processing, and no indication of
the degree of shrinkage was provided. Consequently, comparisons with measures in the
published literature may not be valid. There is no reason to suspect that treatment groups would
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be differentially affected by tissue shrinkage, but the crucial question of biological significance
depends strongly on the actual extent of changes in brain morphometry. Failure to correct for
tissue shrinkage will make toxin effects appear smaller in metric units than they really were, if

their effects were indeed real.

The study relied entirely on linear measures of thickness of structures as apparent in a few
coronal (cross sectional) brain slices. This constrains conclusions, because thickness measures
are sensitive to functionally irrelevant and minor changes in the shape of a structure as
well as more important alterations in its overall size [6, 51]. Measures of area of a structure
in a slice are superior, and volume compiled from successive slices is even better for some brain
regions. Measuring volume is considerably more labor intensive, whereas measuring area is
easily done with several common computer-based morphometry programs and requires only a
minor amount of additional time.

Figure 2 is shown on the next page, 5a

For the corpus callosum (CC) in particular, thickness measures in a coronal section are vastly
inferior to a measure of cross-sectional area in a sagittal section. The latter but not the
former is expected to be directly proportional to the number of axons connecting the cerebral
hemispheres and their degree of myelination [26, 27, 34]. Thickness, on the other hand, is
strongly dependent on precisely where along the anterior-posterior axis the coronal section is
made [4, 6, 13]. The front end (genu) and back end (splenium) arc relatively thick, whereas the
middle portion (truncus) just above the hippocampal commissure is usually quite thin, as shown
in Figure 2. Area of the CC can be estimated to an acceptable degree of precision by cumulating
thickness measures from a substantial number of slices in succession, but one would need to

examine at least 10 such slices [38].
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FFor the hippocampus, thickness measures in only one coronal section are of very limited uvse,
wherecas arcas of CAl and CA3 provide considerably more information and arc commonly used
by researchers who study functional aspects of variations in hippocampal size [12, 20, 54].

For the cercbellum, thickness of one coronal section is prone to error becausc of the angle of the
slice and inherent variation in the EGL itself. A sagittal section, on the other hand, lends itsclf
readily to a measure of cross-sectional area of the entire cerebellum and also allows useful
measures of the thickness of different zones of the cerebellar cortex [32, 41, 49). This is
especially important when assessing the thickness of the external granular layer (EGL). As the
immature granule cells migrate inward past the Purkinje cells, the EGI. becomes rather patchy
and can have large variations in thickness in adjacent sections. One can adjust to this reality in a
mid-sagittal section by taking an average thickness valuc over an extended segment of the EGL
[41] and doing this for several regions of the EGL in different folia.

Thickness of the rat cerebral cortex, on the other hand, is generally an acceptable index,
provided thickness is measured at several locations throughout the cortex [28, 40].

Lighteen measures of thickness of brain structures were reported, but 16 of these were measures
of only eight structures, where each structure was measured on both the left and right halves of
the brain. Measuring both halves of a bilaterally symmectrical structure is an acceptable
practicc, but these measurces should be averaged for analysis, not analysed scparatcly.
Conducting separate significance tests on symmetrical measures is a practice to be frowned
upon, unless the study is specifically aimed at assessing asymmetry and there are good reasons
to think asymmetry might be functionally important. In the present study, there is no good
reason to refrain from taking an average. Considering measures separately on the left and right
inflates the error variance and makes the ANOVA less sensitive to genuine treatment effects, if

they are present.

C. Appropriateness of sampling procedures when looking for thyroid-related effects

Postnatal deficiency of thyroid hormone (hypothyroidism, sometimes produced by removal of
the thyroid gland) is known to increase the size of the cerebellum and the number and
complexity of its folia, fissures, and sulci in the rat brain, whereas hyperthyroidism produced by
administration of excessive amounts of the thyroid hormone thyroxing generally has the opposite
effect {31, 32]. It appears that these eflects result from the acceleration and premature
maturation of the cerebellum in the hyperthyroid animals, whereas hypothyroidism prolongs the
period of maturation, a period during which the numbers of folia and sulci normally increase.
These phenomena are readily perceived in a sagittal section through the middle of the cerebellum

but are almost impossible to measure in a coronal section.

The number of myelinated axons is substantially reduced in the anterior commissure and corpus
callosum of hypothyroid rats [3, 21, 22], and the cffect is most apparent in the arca of a sagittal
section. A reduction of myelinated axons will also reduce the cross-sectional area of the corpus
callosum [26, 27], whereas large changes in the numbers of unmyelinated axons may have little
impact on corpus callosum area [34]. Recent evidence indicates that thyroid hormones arc
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involved in the maturation of oligodendroglia, cells that are responsible lor the lormation ol
myelin in the central nervous system | 15].

Hypothyroidism has little effect on the overall size of the hippocampus, bul it increases the
relative size of one particular component of the hippocampal CA3 region - the mossy fiber
projection from the granule cells [31, 33], an effect that is most readily seen in measures of
refative arcas and especially volumes of anatomical regions of the hippocampus.

It is to be expected that deficiency of thyroid hormone would alter the size and complexity of
the dendritic arbor of neurons in cortex and cerebellum [31, 33]. This could be assessed by
counting the number of cells in the CA1 and CAJ zones of the hippocampus, for example, and
comparing area of the zone with neuron number. This kind of measure is extraordinarily time
consuming and requires specialized histological procedures of the highest quality [20, 54]. It is
not practical in a large study with many animals in each of many dose and age groups. It would
also be important to know whether thyroid hormone eflects on corpus callosum size result from
changes in axon number or myelination of axons (3, 21, 26, 27, 34], but again the laborious
electron microscopy required to make these kinds of observations limits the scope of such a
study; even a modest assessment would be very expensive.

D. Control of sources of inherent variability

Three sources of inherent variability in measures of thickness were cvident in this study. Not one
of these three sources of variability was adequately controlled.

First, it was obvious from the thumbnail sketches of coronal sections that in many brains,
especially in the DL10 rats, the scction was not cut perpendicularly to the midline of the
brain. This can be seen readily in the section through the most posterior portion of the
hippocampus (cut #4 at the level of the mammillary body), whercin there was oflen a remarkable
asymmetry. Consider the very first brain in the report (16616M-2); on the right CA3 is seen in
dorsal hippocampus, whereas on the lefl it extends downward to ventral hippocampus. Figure 2
on page 6 of the Supplemental Morphometry Report shows thickness measures taken in a
perfectly symmetrical section, but there must have been many sections where the measures on
the left and right were located in substantially different parts of the hippocampus. Averaging
values for left and right could have enhanced the sensitivity of the analysis of effects on the
corpus callosum by compensating for asymmetry of the section, becanse those measures were
taken close 1o midline. Alternatively, if the measure on one half appeared to be valid but the
other half was rendered dubious because the pertinent structure was too ventral, it would have

been reasonable to analyse only the value for the one good half rather than the average of good

and bad. I identified 35 brains in the DL10 group where asymmetry was visually obvious in
coronal section 2. In almost every instance, the asymmetry was in the same direction, with the
portion of the hippocampus on the viewer's lefl being more ventral. Presuming that the sections
themselves were always kept in the same orientation during slicing and mounting on the
microscope slide, this suggests a consistent bias on the part of the technician doing the
sectioning (something I noticed long ago in my histologist who was rigidly right-handed). 1
noticed only three instances of asymmetry in the DI.22 brains. They had been processed at a
different site, and there may have been different levels of care and technical skill in the two labs.

Expert Review of Primedica 2001 210 May 18, 200t



Second, in many instances, especially in the DL10 brains, the actual antervior-posterior
levels of ostensibly the same sections were quite different, as evident in the thumbnail
sketches, and this would have given rise o substantial diflerences between animals within a
group in thickness of the corpus callosum, for cxample. Only 6 slices throughout the anterior-
posterior extent of the rat brain were examined, ranging from a point considerably anterior to
the optic chiasm (passing through the anterior septal region) back to the middle of the
cerebellum, a distance of over 1 cm. No diagram is provided to the reader to aid judgment of the
separation of the measured slices, but descriptions of the 6 sections lead me to suspect they were
placed roughly as shown in Figure 2. These estimates are based on my previous studies of
mouse brain development |7, 43, 44, 51}, making adjustments for the different sizes of rat and
mouse brains [7]. Given the limitations of manual methods of sectioning, by far the best means
for insuring scctions in different brains are taken at the same anterior-posterior level is to slice
serial paraffin sections in a long "ribbon" and stain a series of sections in the vicinily of
distinctive landmarks. Then the observer can examine the stained slides and select the section in
cach brain that is closest to the desired level. This is quite impossible when only 6 sections are

made.

Third, it is to be expected that a treatment which alters thyroid hormone levels would have an
impact on the size of the whole brain, and indeed this appears to have occurred to a modest
extent in this study. More important than the modest between-group brain size effect may be the
within-group brain size relation with many lincar measures. It would be highly desirable to know
which effects are specific to the structure in question, rather than being conscquences of overall
size of the brain. This can be addressed by first adjusting each measure for brain weight of the
individual rat and then conducting the analysis of variance [6, 7, 50]. It is expected that
adjustment for brain size would reduce variability within a group.

Data on DL10 male and female brains (pp. 56, 58) and DL22 male and female brains (pp. 66,
67) suggest that there was somewhat greater variation within a group in the DL10 than DI.22
rats for certain measures, and instances of substantially greater variation in certain dose groups
were also apparent. The authors ran the Bartlett's test for heterogeneity of variance and
indicated no serious problems in this regard. Scatterplots of individual scores would assist the

reader to evaluate the likely importance of exceptional scores.

Some of the stained slides were scanned at 1350 dpi rather than 2700 dpi. The smallest structure
of interest in the study was the corpus callosum, as represented by thickness measurcs that were
in the vicinity of 300 pm or 0.3 mm, which is about 0.012 inch, the equivalent of 16 dots in the
scanned image. This degree of imprecision (1/16) is acceptable, given the presence of other,
much greater sources of within-group variation.

The corpus callosum is comprised of axons and a few glial cell bodies, and it is best viewed with
a stain that reveals axons or, in the older rats, myelin. [H&E gives a general idea of the limits of
the CC proper, but in my experience the eosin staining of axon bundles tends to be inconsistent,
and the observer tends to rely on hematoxylin staining of neuron cell bodies to decide what
regions do nof contain axon bundles. This source of variability was probably not large in
comparison with other sources of within-group variation.
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I, HHomology of brain sections

In many instances there was clearly a lack of adequate homology, especially in the DIL1O

brains, as discussed in section D.

F. Usc of coronal sections in the published literature

As discussed in section B, sagittal sections are preferable when conducting morphometric
studies of the corpus callosum. There are some published data on thickness of the CC at
midline [13, 38], but | am not aware of studics in which measures were taken bilaterally at the
same distance from midline. As one goes further from midline, the size of the corpus callosum is
increased by axons that travel to and from cingulate cortex but remain in the ipsilateral cortex
without crossing midline [24], and thickness involves more than the corpus callosum proper.

Dorsal hippocampus is best studied with the aid of coronal sections, whereas ventral
hippocampus requires the usc of horizontal scctions to visualize the sizes of CAl, CA3, and

anatomical layers. Probably the best morphometric data in the literature involve horizontal
sections [12, 33].

Direct comparisons of thicknesses in terms of microns (pum) is rendered diflicult by the use of
paraffin embedding that causes substantial tissue shrinkage. This is a problem mainly for the
DL22 rats at an age when frozen sections are perfectly adequate. The more delicate tissue of
DL10 brains makes paraffin embedding a rcasonable choice, although we have obtained very
goad results by encasing the.brains in gelatin and then slicing frozen sections [43].

G. Comparisons of thicknesses with the published literature

Given the idiosyncratic methods employed in this study and the specific ages examined,
comparisons with the published literature are difficult. The rat brain is changing rapidly during
the DL10 to DL22 period, and it would be important to compare brains no more than one or
two days different in age. The authors should have addressed this matter during the proposal and
design stages and then again in the discussion of the results to cite standards for comparison. 1
was surprised to find no references to any published literature on the rat brain in the
entire report. There may well be some comparable published values, and if time allows T will
make a search for them. At this point, all I can say is that the stained tissue in the thumbnail
sketches looks like the kind of histology I would expect to sce. Nothing strikes me as being
remarkably abnormal, but this opinion warrants little weight and might be different if sagittal

sections were available.
I1. Limitations of data confined to DL10 and DL22

As discussed in section A, data on more mature rats would aid interpretation, because rapid
changes in brains at DL10 and DL22 make the results sensitive to changes in rate of growth as
opposed to later asymptotic levels. Myelination of the CC in particular is rudimentary at DI.10
and far from complete at DL.22, although major anatomical changes brought about by
climination of axons are past [16, 25]. IT one were to find effects of a toxin at DI1,10 but not
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D122, conclusions would be quite difTerent than if eflects were seen at both D122 and DI.100,
for example. Use of multiple time points would add to the expense of a study, so the crucial
question is which time points are most important to examine. In my opinion, the most critical
issue is whether a toxin has lasting effects, so onc would certainly want to sce data from rats

that have reached reproductive maturity.
Issuc 2: Biological significance of resulls

I. Consistency of effects on brain development

The question of consistency first brings us to the question of statistical significance. There arc
two kinds of errors that can be made when drawing infercnces from group comparisons about
treatment effects. There may be no real effect of a substance in the drinking water, yet random
assignment of rats to groups may produce group differences in means that are large enough to
prompt us to reject the null hypothesis of no effect. This would amount to a false positive result
or a Type [ error. It is customary to set a criterion for Type I error at some fixed value a at the
outset of a study. The proper level for a is a matter of considerable controversy in the literature.
Use of o = .05 (one false positive per 20 independent tests) is commonplace, but in studies
where many tests of significance are done, one sometimes finds a = .01 employed, and in my
field where genetic linkage analysis is done, a = .0001 is oflen recommended [29]. Both .05 and

.01 values are cited in the present study.

The second kind of error (Type II error) can occur when there is a genuine trecatment cflect, but
the statistical test fails to reveal it because the test lacks sufficient power [45, 46, 47]. This kind
of result is most common when the treatment has generally small but real effects, because a
small signal is less likely to be heard in the presence of background noise. In toxicology, two
general patterns might occur. There might be very clear, even abvious effects at high doses, in
which case the main challenge will be to ascertain the no-effect dose. The thyroid hormone data
exemplify a clear dose-response relation. On the other hand, there may be some doubt as to
whether there is any consistent effect at all, at any dose, especially if small or modest samples
are examined. This latter pattern is the point at issue in the Primedica study in so far as
morphometric data are concerned.

This study assesses consistency of effects by comparing each dose with a zero-dose contro!
using a Dunnett's test. There are two shortcomings to this method. Fjrst, when multiple
comparisons with a single control are made, a more stringent criterion for significance of any
one comparison is used than for a simple t test comparing two groups, and this reducces the
power of the test and increases the probability of a Type 1l error. Second, the test remains
vulnerable (o a spuriously low or high mean value of the zero-dosc control. This may well have
occurred in the DL10 females, where controls exceeded the 0.01 dose on almost every measure,
although the differences were usually not significant at a = .05. There was also a tendency for
DL10 females receiving the 1.0 dose to exceed both the 0.1 and 30.0 doses for many measures.
How could there be such a consistent pattern of group diflerences and yet such a low frequency
of significant differences? Within a group, the many measures come from the same animals, and
a group that tends to have an unusually high mean brain weight will also tend to have relatively
high scores on all measures. That is, the many tests of significance conducted on different
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measures in this study were not themselves independent assessments.

‘I'he lincar regression analysis presented in a separate section is a step in the right dircction, in
that it asks whether there was a tendency for effect (o increase with dose. This kind of test,
being based on the pattern across five groups rather than a comparison of only (two, should be
less sensitive to anomalously high or low scores in any onc group. Scanty delails of the analysis
made it very difficult to judge, however. It is not clear to me whether the analysis used
individual animal scores or group means for the lincar correlation with dose. It is also not clear
whether the regression used log or untransformed dose. The plots of means were obviously done
with a log dose scale, but comments on the first page of the regression analysis suggest log dose
was not used for the regression. Note the authors' remark that "..a curve that appears lincar in a
figure might not represent a true linear dose response.” This suggests the "true lincar” response
was assessed by regression analysis without a log transform. The figures cite "R" values and P
values, P being probability of Type I error, but degrees of freedom are not specilied. Capital R is
usually the symbol for the multiple correlation cocflicient, but multiple R is appropriate only
when there are two or more predictors. In this analysis where they purport to assess lincarity,
however, there can be only one predictor, X = dose. Ilence, we would expect to sce Pearson r.
Examining the first graph of Left CA3 thickness of DI.10 males, the linear relation with dose is
described as R = 0.902, significant at P = .036. Taking the mean scores from the table on page
56, shown in Table 2, I calculate that the Pearson r = 0.902 with 3 degrees of frecdom. My
tentative conclusion is that the R values given on the dose-response plots in the report are
actually Pearson correlation coeflicients computed on group means and having a pathetically
low 3 degrees of freedom. If so, the analysis was not a regression analysis in the usual sense and
was quite inappropriate. In' this analysis, the dose at X = 30.0 is an outlier and all the other three
doses are huddled close to 0.0 (see Figure 3), so in any casc where the group mean for the 30.0
g/Kg/day dose happened to be quite a bit higher or lower than the other four groups combined,
Pearson r would tend to be high. The tests done in the "regression” analysis simply reflected the
difference between the mean of group V (30.0) and the mean of the means of the other four
groups, and they did not properly assess any linear dosc trend. This kind of test would not be
capable of revealing a moderate lincar cffect across the dose range with reasonable
statistical power. Instead, it was sensitive only to exceptionally large effects of the highest

dosc.

Table 2 CA3 mean thickness (Y) versus untransformed dose (X) for DL10 male rats

X: 0.0 001 0.1 1.0 300
Y: 274 285 271 282 304

The analysis of data in this report was not adequale to allow me to cvaluate the
consistency of perchlorate cffects on any measure. A fair number of significant deviations
from the zero-dose control were detected, particularly for male rats, so it would be imprudent to
dismiss the report as failing to demonstrate any eflect on brain morphometry. Examining the
means in the tables on pages 56, 58, 66, and 67 suggests to me that perchlorate cffects on
morphometric measures were not large, with the possible exception of cortex and maybe
hippocampus of DL22 males. Given my rescrvations about the statistical methods, it would not
be wise to substitute "cyeball" impression for a proper analysis.
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Figure 3. Plot of data used for “regression analysis”

J. Anomalously high scores at 1.0 mg/Kg/day and low scores at 30.0 mg/Kg/day

An intermediate dose could certainly have the maximum effect when there is some kind of
biphasic dose-response relationship on certain measures, but it could also be spurious. The
proper test of a U-shaped dose-response curve is the quadratic term in a regression equation,
assessing whether addition of an X term signficantly improves the fit of the equation to the

data. No such test was reported.
K. Sex difference in direction of perchlorate cffects on morphology

As discussed in section A, a piccemeal approach to data analysis whereby separate tests of
effects are done for males and females is not an adequate basis for judging a sex difference in
response. The results presented in this manner hint at a sex differencg in response but do not
present sufficient statistical evidence to persuade. In particular, I sce no clear evidence that
there was a decrease in thickness measures with increasing dose for females. There is
reason o suspect that the so-called decrease in DL10 females was an artifact of an anomalously
high mean of the zero-dose controls, as discussed above. In DL22 females, some dose group
was significantly (o = .05) higher than controls for the striatum, CA1 and CA3, but significantly
lower than controls for cerebellum and corpus callosum #2. It is possible that a proper statistical
analysis would reveal a significantly greater perchlorate effect for males and females, but the
present report provides no such evidence. Lacking compelling statistical evidence, I can see no

point in delving decply into the physiology of the sexes.

L. Biological significance of changes in linear dimensions

Expert Review of Primedica 2001 215 May 18, 2001



As mentioned carlier, linear dimensions are not good indicators of biological function; arca and
volume measures are expected to be more closely related to function. Nevertheless, the authors
of the study must have believed that thickness measures arc valid indicators of potentially
harmful perchlorate effects. ‘The question Lo be answered is therefore: How great a change in
thickness should be required to support a claim of harm or benefit to the organism? This is a
matter that should be agreed upon in advance by the sponsors and consumers of the rescarch,
and it should play the crucial role in deciding the sample size in order to confer suflicient power

on the test.

1 strongly recommend that the term "significance" not be used in this context, given its clear,
technical meaning as the probability of a Type I error in the scientific report. Conflation of
statistical and biological, psychological, or social significance can lead to serious
misinterpretation of research by scientists and the public alike {11, 45, 47]. For this reason,
statisticians have devised separate indicators of the magnitude or size of a treatment effect, and
these indicators provide guidelines for deciding on the presence of a biologically important,

substantial, or notcworthy cflect.

Most of the widely accepted indicators of effect size compare the difference between treatment
and control groups with the variation within a group. For example, eflect size d is the ratio of
the difference between group means to the standard deviation within the groups; d = (M, -
M.,)/S. In psychological research with humans, small, moderate and large effects are equivalent
to d = 0.25, 0.5 and 0.8, respectively [10, 11]. I have argued that in laboratory work with
animals where we can control many factors so much better, small, moderate and large effects are

shown by d = 0.5, 075, and 1.0, respectively [47].

Another index of effect size is the coeflicient @?, which tells us the proportion or percenlage of
the total variance in scores of all subjects in the two groups that is attributable to the difference
between the group means; (1 - @?) is then the proportion that resides within the groups and is
unrelated to the treatment. When sample sizes are reasonably large, there is a simple relation
between the two indicators of effect size: o = d*/(d? + 4). This relation is expressed in Table 3.

Table 3 Standards for small, modcrate, and large treatment cffects

Effect size:  Small Moderate Large Very large
d 05 075 1.0 2.0
@ 006 0.12 0.20 0.50

If instead we are interested in the correlation between two continuous measures, such as size of
the brain and thickness of a brain region, or dose of a toxin and test score of an animal, Pcarson
correlation (r) is ofien calculated, and the corresponding effect size, comparable to %, is %, a
ratio that tells us the proportion of variation in Y that can be accounted for by knowing the
individual's value on X. In order to account for half of the variation in some dependent variable,
the predictor should yield a Pearson r = 0.707 to be judged very large by the same standard used

(o judge w’.
Statistical significance, as summarized in the P or a value, is only the first, small step in the
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process of making an inference, a step that merely decides whether we have made i through the
gateway into scrious discussion about toxicity. Il'a diflerence is not statistically significant (I” >
a), then we have no grounds to estimate ®? or 2. Once we have decided that an eflect is indeed
"significant” on the basis of the statistical test, then we are entitled to inquire about how large

the effect appears to be.

The report cites numerous P values but gives no indieators of cffect size. Irom tables
showing means and standard deviations, it is possible to compute d with a calculator, but this is
a messy procedure because the estimate of standard deviation should be based on all five groups
(1 to V), not just on the two being compared, and this is a slow process with a hand caleulator.
Let us turn to the table on page 66 for the DL.22 males and focus on data for frontal and parictal
cortex. For frontal cortex, the standard deviation is (very) roughly 70 pm and the difference
between means of the control and highest dose group is also roughly 70 yum, so the effect size is
roughly d = 1.0, and this would be considered a large cffect. A similar effect size is evident for

partietal corlex.

I want to emphasize that standards of effect size based on d, ® or r? are those decmed
appropriate for basic neuroscicnce and may not necessarily be the best metrics for toxicology
research. Consider the meaning of d = 1.0. In the case of parictal cortex, this tells us that a
perchlorate group had a cortex about 70 pm thicker than the controls. At the same time, we
should expect that animals within the untreated control group would have a range of cortical
thicknesses of about four standard deviations or 280 pum, and some of them would be likely to
have thicknesses greater than the mean of a perchlorate group; likewise, some of the
perchlorate-treated rats would be below the mean of the untreated controls. This is confirmed
from raw data shown in tables in the detailed ncuropathology reports. Only when group means
differ by almost four standard deviatons (d = 4.0) would we expect to find no overlap between
scores of the controls and trcated animals [47, 50]. One fruitful approach to selting a standard
for noteworthy effect size in toxicology would be to review data from rescarch on other
substances at doses that are generally agreed to have reliable effects. Effect size indicators have
no units of measurcment, and the review could encompass rescarch that did not even study the

brain. A review of this nature is beyond the scope of the present report.

Biological importance should also be judged relative to possible effects on the size of the whole
brain, because the judgment about toxicity might be somewhat different if there were an overall
effect on organism or organ growth versus an eflect specific to a cerfain structure. Looking at
the same table for DL22 males, it appears that the perchlorate ellect on brain size was close to d
= 1.0 for the 1.0 mg/Kg/day dose and somewhat smaller for the other doses. Quite a few other
variables show an increasing trend, as detected by my eyeball, so there might very well be an
overall brain size effect. Lacking a proper regression or linear trend analysis, however, we
should be cautious about drawing conclusions and vigilant against the possibility of an
anomalously low brain size of the controls. A proper regression analysis is possible with the data
in hand, but interpretation will be clouded by the fact that brain weights were based on formalin-
fixed tissue prior to paraflin processing, whereas thickness measures were based on seriously
shrunken brains. This discrepancy would not necessarily invalidate an analysis, but it would
make interpretation more difficult. The prospects for a re-analysis of the data are discussed
lurther in section T, the Overall Evaluation of the study.
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Another approach Lo judging biological importance would be 1o compare the present results lor
cortical and corpus callosum thicknesses with simifar measures from a separate study of toxic
eflects on rat brain growth involving a substance that is generally agreed by all parties to be
harmful. One would need to be sure that tissuc was processed and measured similarly in the two
studies, of course. T am not aware of published studies that are dircctly comparable in this way.

Issuc 3: Biological plausibility of results
M. Lincar dimensions versus thyroid cffects

I am not qualified to evaluate changes in thyroid histopathology.

’

N. Correspondence with scvere hypothyroidism

My knowledge of the literature on severe hypothyroidism in humans is not suflicient to provide
an expert opinion.

0. Mcdiation of cffccts by thyroid hormone levels

On this topic, there is a considerable literature published on the artificial administration of
thyroid hormones to developing rats and reduction of thyroid hormones by removal of the
thyroid gland. Although I am familiar with a limited range of this literature, it is my
understanding that thyroid hormone administration commonly changes brain size and the lincar
dimensions of many brain structures. Most of these studies, however, involve hormone
administration during a relatively narrow, usually postnatal age range, whereas the Primedica
study involved perchlorate treatment starting well before conception and continuing throughout
life. We now know that thyroid hormones have important effects on prenatal brain development
[14, 37]. A great deal is known in general about thyroid biochemistry and physiology [2, 9, 37},
including mechanisms by which thyroid hormones affect axon growth and myelin formation [1,
15]. Thyroid physiology from a developmental perspective is rather complex, and one cannot
state with confidence that hypothyroidism will always decrease some anatomical feature or that
hyperthyroidism will increase size. As pointed out in the Primedica report, there may also be
physiological compensation in a long-term study. In this study, the TSH levels were consistently
increased by perchlorate in a dose-related manner, but circulating thyroid hormone levels were
decreased. T am not qualified to give an cxpert opinion on the developmental impact on the brain

of this kind of biphasic response.

Issue 4: Relationship with behavioral/functional effects

Expert Review of Primedica 2001 218 May 18, 2001



A. Correlation

cC
thickness

CC thickness and behavior are correlated
because CC effect mediates change in behavior

cc ..
thickness A

o Corralation
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Effects on CC and behavior occur via separate physiological
pathways, but CC and behavior are nevertheless correlaled

Figure 4. Two scenarios that could produce a CC:behavior
correlation. A. CC mediates perchlorate effect of behavior. B.
Effect on CC and behavior occur via different pathways

P. Association of thickness changes with behavioral effects in adults

This is a very interesting but difficult question. The principal challenge is to establish a causal
connection between the two things. Of course, in a carefully controlled study, and the Primedica
study in its execution did appear to be well controlled, consistently significant effccts of
perchlorate must have some causal relation to outcome. At the same time, the present study did
not assess behavior or any other biological function, except body growth of the pups. So, for
purposes of discussion, let us suppose that a study observed significant and large eflects on both
cortical or CC thickness and several behaviors. Would this provide pppof that thickness
mediated the changes in behavior? As suggested in Figure 4, this conclusion would not
necessarily follow from the evidence. In Figure 4A, the hypothetical perchlorate effect on
behavior is mediated by the change in thickness, whereas in Figure 4B both thickness and
behavior are altered by perchlorate treatment, but the effects are exerted via separate, unrelated
physiological pathways. In both cases, there would be a consistent correlation between change in
thickness and behavior. I make this point in order to clarify the question asked about association.
When association is the principal concern, I surmise that those interested in the answer are not
particularly concerned about the issue of mediation or causal pathway. That is, thickness
measures might be taken as important indicators of a potentially important functional change,
even though thickness itsclf might be seen an epiphcnomenon of no special functional relevance.
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What this question boils down to, in the context of rat brain morphometry and behavior, is
whether changes in whole brain size or corpus callosum size are likely to have noteworthy
eflects on behavior. This has been a vexatious issue in the literature of behavioral neuroscience
for several decades, and no general conclusion can be cited. It has been very difficult o
demonstrate any consistent behavioral consequence of a change in whole brain size, even though
many treatments arc know to alter brain size. Liven selective breeding for high or low brain size
cannot be relied on to change behavior in a predictable direction [23]. In the literature of human
neuropsychology, many claims have been staked on a relation between brain size and intelligence
or 1Q, but the data point to a very small correlation with almost no explanatory impact [44].

Likewise for corpus callosum size - it has been very difficult to demonstrate any reliable
behavioral correlate of modest changes in CC cross-sectional arca. In my laboratory and others,
it has been found that mice lacking any CC whatsoever are reasonably normal on a wide range
of tests [5, 8, 39], with the possible exception of those involving complex motor movements
performed at high speed [39]. Surgical section of the CC in adults produces a cerebral
disconnection (split brain) effect that is well known, but the same deficit does not occur when
there is failure of CC formation in the human embryo. Humans lacking a CC from the beginning
of cortex formation tend to be a bit clumsy and are on average about 10 points below average
on IQ tests, but they almost always sufler other neurological challenges, including
ncuromuscular degeneration, and there is no indication that reduced cognitive functioning arises

specifically from the lack of a CC [30].

The literature on variation in CC size within the normal range in humans is controversial. Early
in the 20" century it was claimed that men with a large CC are cxceptionally intelligent, but that
hypothesis has not been confirmed. In 1982 it was claimed that the posterior portion (splenium)
of the CC was relatively larger in women than men and might form a basis for cognitive gender
differences, but a comprehensive review of 49 published studies on the topic found that men
have larger brains than women (on average, d = 1.1) and slightly larger CC arca (d = .2) without
any consistent sex difference in CC shape [6]. There is some evidence of a relation between the
size of a central portion (isthmus) of the CC and handedness in humans [6].

Numerous studies in rats have found a sex difference in overall CC size and a varicty of steroid
hormone effects on the CC [13, 17, 18, 19, 35, 36]. We have shown that the CC size effects are
consistent with the sex difference in whole brain size [7, 50], but we do not claim that
experimental hormone treatments are necessarily mediated by changgs in brain size.

My conclusion from this large and diflicult research literature is that one would not expect any
major change in behavior (o arisc from a modest change in the thickness of the CC in one
or two coronal scctions. I would not recommend dismissal of a thickness change as irrelevant,
however. It is possible that a change in thickness might scrve as an indicator of a more

functionally important change clsewhere in the nervous system.,

Q. Appropriateness of behavioral endpoints

I was asked to evaluate the Primedica study, and there were no behavioral endpoints therein.
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Issuc 5: Relevance to humans
R. Generalization from rats to humans

Animal models are crucial throughout the field of ncuroscience and neurotoxicology, and the
question of generalization across species is exceedingly difTicult. T am aware that this matter has
been debated for decades by experts in toxicology and public officials responsible for regulating
use of thousands of compounds in industry and medicine. The only wisdom I might possibly add
here involves comparisons of mice and rats. These two rodents are very similar, to the extent
that a stained mouse brain slide magnificd a little looks remarkably like rat tissue, and they arc
close relatives on an evolutionary time scale. Nevertheless, the corpus callosum of many rat
strains shows a definite sax difference, whercas for many mouse strains the CC of males and
females is almost identical in size, as are their brains, too [7]. So, which specics is the better
model for humans? [ will abstain from this vote. If researchers find that a compound has
consistent effects across a wide range of mammalian species, then I think we can be confident
that results will generalize to humans, but I would not care to generalize on the basis of data
from any one species. If toxic effects are observed in rats, this would certainly provide grounds

for worrying about possible harm to humans.

S. Appropriatencss of rat brain morphometry as a model for human ncurodevelopment

I am not at all concerned about the transfer of principles of morphometry across mammalian
species. Corpus callosum, cerebellum and hippocampus can be measured the same way in both
rats and humans, as can almost every other brain structurc. The elaborate gyrification of the
human cerebral cortex makes measurements of cortical thickness more challenging than in the
rat with its smooth cortex, but excellent stereological methods to address this problem are
available. Species differences in development may be important when we want to match phascs
of brain growth. This is fairly easy to accomplish in embryos and fetuses but becomes more
difTicult as the individuals mature. In mouse genctics, we are still debating when a mouse
becomes an "adult" and when it is an adolescent. Humans are born with their cyes and cars
working quite well, whereas rats have their eyes and cars sealed shut until about two weeks after
birth. Humans require many years to progress from weaning to sexual maturity, whereas rats can
breed only a few weeks after weaning. The DL10 rats in the Primedica study had just begun to
benefit from myelination of the corpus callosum, a stage that occurs prior to birth in humans.
The DL22 rats were only a few days from weaning, something that commonly occurs one year
after birth in humans but can be delayed for scveral years for social reasons. There were no rats
tested at or afier the age of sexual maturity in this study; hence, the hot topic of when tecnage

boys and girls become adults is moot.

T. Overall cvaluation

In my opinion, the design and execution of the Primedica study up to the point where brain
histology was done were adequate and in some ways superior, especially with regard to the long
term administration of the perchlorate. Morphometry based on thickness measures in coronal
sections is acceptable for judging thickness of the cercbral cortex and informative but less than
ideal for assessing the hippocampus, whercas thickness in one or two scctions is not acceptable
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for evaluating changes in the size of the corpus callosum or cercbellum. By far the weakest part
of the study was the statistical analysis of the data, which in most respeets was well below the
standards of what is acceptable in the field of behavioral neuroscience. A proper statistical
analysis of the existing data could be done to assess perchlorate effects. Lacking such an
analysis, | cannot form an opinion on the central issuc of whether perchlorate significantly

altered brain morphology or what may be the minimal effective dose.

It is also my opinion that a better statistical analysis should be done for certain measures
that appear to have been made with reasonably good methods. A great deal of cffort and
considerable expense were devolted to the Primedica study, and I think it would be worthwhile
to extract as much meaningful information from it as possible. Specifically, measures of cortical
thickness were adequate and measures of hippocampus werc somewhat informative, and these
could be re-assessed statistically using the raw data provided in Tables 1 and 2 for the DL10 and
DL22 rats. Wherever possible, measures on the left and right should be averaged. It would also
be important to check each scanned brain section for asymmetry of the cut and tissue quality
(see section D), using only the best value on one side if the other was of doubtful quality. The
measures of corpus callosum and cercbellum, on the other hand, were so inferior to what ought
to be done in a morphometric study that a re-analysis is probably not worth the time.

Once averages of data on the left and right have been used in a multiple regression analysis and
data have also been adjusted for linear relations with whole brain size, a much clearer picture
of perchlorate effects in the dose range used in the Primedica study would emerge from a
re-analysis. What that picture would show is something I cannot anticipate in advance.

Signed,
MusWare Technology Inc.

Date Afr(l 12, 2001

Per

Douglas Wahlsten, Difector
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